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SECTION 1
(U) INTRODUCTINN
(U) SUMMARY OF NERVA PROGRAM
) The tverall objective of the NERVA (Nuclear Engine for Rocket Vehicle

Application) program is tne develcpment of a solid-core nuclear reactor-powered
flight engine for space vehicies. The specific impulse advantages of such a
system over chemical-powered rockets, especially in the upper stages of an inter-
planetary mission vehicle, have been well documented and recuire no discussion
here. The NRX technology phase cf the NERVA program, which i< now in progress,
is a cont.nuation and extansion of the KIWI series of tests performed by Los
Alamos Scientific Laboratory. Both the KIWI and NRX tests have utilized the test
facilities at the Nuclear Rocket Development Station (NRDS) at Jackass Flats,
Nevada.

(u) The objectives of the NRX technology phase of thie NERVA program vere as
follows:

1) To develop a nuclear reactor capable of operating at full NRX power
and temperature (1120 MW and 4090°") for 60 minutes.

2) To evaluate the performance capabilities and to demognstrate the
stable operation of the hot-bleed cycle.

3) To provide the necessary invormation for the design of future reac-
tor and engine systems.

4) To develop a simple, reliable reactor control system.

5) To experimentally determine the extremes of the steady-state ovoer-
ating map of the NRX reactor.

6) To demonstrcte the multiple full power restart capabiiity of the
NRX reactor.

(u) SUMMARY OF PREVIOUS REACTOR TESTS

(U) The reactor tests performed prior to the NRX-A6 endurance test series in
the NRX tachnology program are the NRX-Al cold flow test series, unfueled graphite
core, tiie NRX-A2 power test series, the NRX-A3 power test series, the NRX/EST
engine system test series, and the NikX-A5 power test scries (References 1, 2, 3,
4, and 5, respectiveiy). The results of these previous tests are briefly sumnar-
ized in th‘s section.

(U) Significant accomplishments of these tests were as follows:
(V) NRX-Al
) Verified reactor structural integrity under rated pressure loading.

1
2) Obtained -~eactor performance data under ambient and cold flow con-
ditions.

1-1
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(U; NRX-A2

1) Provided signi€icant informatioa for verifying the steady-state
uesign analysis for power cperation.

2) Provided infrrmation confirming the suitability of the reactor for
operation at the steady-state power levels and temperatures requirec of the reac-
tor as a comoonerit of a nuciear rocket-ergine system.

w) NRZ-A3

1) Proved the capability of the reactor for continuous nomins' ojeration
at, or near, rated power for more than 15 Tinutes with margin for restart.

2) Proved the capab:iity to start up from a iow-power, lum-flow, steady-
state operating conditio~ and to shutdown from 2 mediuc power level on i1i1Quid-
hydrogen flow control only.

3) Provided direct performance data on the nozzie and pressure vesse:.

4) Conclusively demonstrated that the reactor is inherentl:y st2tle on
liquid hydrogen flow control only.

(U} NRX/EST

1) Cemonstratzd the feasitilivy of the hot-iieed cycie far transient
and steady-state cperation.

21 Cemonstrated the cupability cf the NRX-A reactor tc operate at, or
near, rated conditions fcr a cumulative period of approximately 3J minutes. (In
addition. the total equiva :nt run time at rated -ower was 54.4 minutes.)

3) Demonstrated the suitadbility of cortrol-system concepts and stabil-
ily for transient and steady-state conditions over a b~cad aree of the operating
map.

4; Demornistrat.” the multipiz-restart capability with various control
modes by starting eight times tC an intermediaie power level and three times to
rated power.

5) Demonstrated the capability of the NRX reactor to accomplish boot-
strap startup at a chamber-temperature ramp at or above 100°R;sec.

L) NRX-A5

1) The Test Assembly was operated for 29.4 miautes at, or above,
chamber temperatures of 3300°R ard for 22.4 minutes at, cr above, chamter tem-
peratures of 4000°R.

2) Cperatic-~ cof a new eight decade nautronic system was demonst-ated.
The neutronic detectors were located on the tsst ca: under the Test Article and
used as the neutronic system feedback.

3) The reactor was checked out and operated at rated conditions using
? temperature control system without the neutrunics power control as an inner

00p.

4) The acceptability of a startup from iow power to near rated conai-
tions using programmed LH, flow with drum: in a fixed position was demonstrated.

5) For the first time ali pcison wires were removed at the Reactor
Maintenance, assembly and Disassembly (R-MAD} Buiiding.
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{u) During the XRX-A]l tests, there was no evidence of large, lom freguency
vibrations fsuch as had occurred ir the Xlu! reactor series!, eitner forced or
self-excited, which would ingly possible dynar:ic iastatility in the ieacter assen-
bly. The absence > these vibrations verified the adecuecy of the desigr of tne
core support structure. Fest-operative exzminalicn revealed fem signs Otf tne
effects of the testing on the reactcr CoOmPGREnts.

(L) The NeJ-AZ reactsr was ocerated at, or adcve, 500 Ma for S miputec. Tne
liguis hydrogen flow raie avereged 75.€ = 1.5 ltjsec. During the five [Z) mimites
7ower reachec 103 - 50 A for 30 seconds, whicn verified the ability cf the
r2aclor and mzzle te witnstand the emvivonment at ‘ui' nower. Juring tne test
ser.as. reactor stability was demwonstrated with constant control drur positicn
for -ropeilart flow rates betweer .2 and 13.5 lb/sez in the power range cf 2.0
to &.7 percent of full power {1120 Ma'. e fixed coatrol arux test Gemonstrated
the feas:bility cf controclling the reactor on prupeiiant flow onlyv. E£ncther test
wds Performed with flow rates between £.3 and 13.5 1b/sec on demar pressure aione
{n. purp Gperating) at a constant 3.4 percent of full comer.

(L; Power testin; oa NRX-A3 consisted of three {3) test: to intermeciate or
rated conditions. The first test {Exverimertal Flan (1) «&s terminated after
3.2 miautes at rominal rated corditions due to @ Spurioys trip of the automatic
shutdown system. During Ixperimental Plan \ the reactor mas Cperated at nomiral
rated conditions for 13.1 minutes. Sxperimental Flen V! was a medium power map-
ping ard contrcls test. Duoing this test, the reactor was operated over the
op2rating map up to 500 MN power ard 3700°F chamoer tercerature. fixed contrcl
drums rode {poxar being controlled with propellant flow rate only) was utilized

~ing startup 2nd during part of the sudseguert mapping experiments. This test
conclusivel_v demonstrated that the reactor is inherzatly stable on liguid hiydro-
ger flow control only, which was; a major step in the con*inuing effort tc ottain
3 simple. reliacle control sys:em for future XLRIA engires.

) The MRY/EST test series ccourled an NRY reector witn 2 “breaddoarc”™ acrenge-
ment of engine comronents in which the components were connected in e flight
functional configuration. During this test series, the hct-dieed, bcotstrap
principle of nuciear rocket engine operation was utilizzd for the first time.

In accomplishing tne endurance ohjective, the ergine was operated for 2 totai

of 143.8 minutes. of which 105.€ rinutes were at thrust chamber temperatures

above 17C0°R, 23.7 mirutes were at power leveis at, cr above, 1000 megawatis

and 16.7 minutes were at thrust charher temperatures at, cr above 4CCO°R.

{G) The prime objective cf the X2i-A5 test progravw was to operate at design
conditions for a total accumulated tit> of forty (40) —minutes. Two tests to
rated conditions were performed, Experimental Plan Il (£P-1711) was the first
full power test. Shcrtly after reaching the top o1 *he startup ramp of EP-11I,
power oscillations of + 300 MW resulted from a noise sicgna. fror one of the
control thermocouples. This thermocouple was automtlrally reiected as an input
to the control system and the test continued. After 7.9 minutes et, <r above
4000°R nozzle chamber temperature the test was terminated when the levei in the
Ldz storage dewars reached the low levei limit cut peint.

1-3
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Ly Significant operations of EP-Iv were (1! fixed drum startur from 20 K
ana 10 1b/sec flow to near ratec concditions and (2) 14.6 wminutes operation at,
cr above, 4000°K nozzle chasder temperature and 1000 M. EP-IV was terminated

by pre-test establishad limit of 145 degrees control drue angle position. )
nlthough several minutes of ope-ating time remadined on the core, the test seres

was terminated to preserve the cure for post-operative examinaticn.

14
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SECT:N 2
(CREY SIMMARY AND CONZL SIOAS {L!
(CRD) SMARY (L}

L} The ARX-AE test series et success®ull. conducteg at the Test (ell “C*
faciiity of tha Nuclear Rocket leveloprent Stztion, cacaass Flats, Nevada,
between ! Xoveaber 19€7 and 15 December 1567

ICRC] "he ARX-AE test was eatremely successful and exceegeG its crimary objec-
tive which was to operate at rated conditions for 60 rinutec or tc 2 predeterminec
loss of r=actizity. Tre total! run tice cf ¢2 mwinutes above 2 nozzle chasber ter-
perature of 4130°R wore than 5led the full power and temperatu~- endurance of
previous reactors wii* a reduction of 75 to BC percent ‘n th~ .ye! eiement time
rate of corresion cospared with tnat o:served in the U, -7 and RRX-AS reactors.

Y A1l secondary test objectives. as cdeti-g ir Table -1 were aiso achieved.
Fre-test steady-state anc transient predict.ons were. with & fem exCepLIANS, *n
good agreement with test results. A goro aneloc systems mude! 1or Test Celi *C*

12 the KRAX-A6 Test Ceafiguratior was seve.oped and verified.

(CRC}  Total reactor reactivi*, loss awe tc carbon, iranium, and nichium - °S
C.855 wnich was significant?!; lower tran gprevious reactors, i.e., 3.25 for NRY/
EST and 2.15 for WRX-A5. .sange in controi drurm ccid critical angle was from
97.0 cegrees at initial zriticaiity tc '30.5 degrees foiluwing th  Swer run as
corpared with 93.1 dec-zes to 147.6 degrees for NRN/EST and 93.3 6o ,rees tc
137.3 degrees for ARY-AS.

() A1l reacior control systews Derformec weil. At1 reactor contro! systercs
perforred alme,t exactly as predicted except t at the temperature controller was
a little more siuggish than predicted. The teaperature controller held the mea-
suved temperat re to within 50°% ¢f the demand except during transient conditions.
Curinc the ramp from 20C0°R hold of Experimental Plan (EP)-1IIA to design condi-
ticns, the measur.d temperature lagged demanded temperature by approximately

3 seconds or 13C*R. Temcerature trir operations appeared to be smooth and respon-
sive. One f3i5e scram occurred on the Tirst attempted tull power run. This
inadve-tent shutdown was due te the noise sensitivity of the hardware used to
viplement the minimum drum position scram. The difficulty was isolazed and cor-
rected prior tc tP-ITIA.

(L) The perfrrmance o the NEY-A6 internally mourted reactor irctrumentation
was _.cellent. The zerc shifts noted for several d:fferantal-rressure transducers
during the full nower runs were exnected ard were caused by rurposely exceeding

the range of the transducers. The performance of externallv mounted instrumenta-
tizn vas also verv nocd, and described the environment that existed in the test
assembtly. One anomaly which is being investigated is the low rcadine chamber

“QONLLLMLAY -
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tempe 2’y 2 thermocouples wnich occurred during the one hour full sower hold of
EP-17:A. The four thermocouples indicated an average chasber terperat.re of ap-
grox'mat (v 3650°R, whereas the best estimate of chamber temperature was in the
rance nf 000 to 4400°R. This difference is larger than the 100°R difference that
couldﬁrgsu!t from the measurement and data svsterm uncertainties. Investigation
revea el '\0 hardware and/cr syster anomalies that would invalidate the measured
terDer2ture. Analysis is oresently being nerformed to determine the upper and
Towar 1™ ts of flow and temperature dictribution which could result from a lack
cf comple e mixing within the chamber.

(;EE) L sassembl) ard post-operztive examination of the reactor was started on
20 Jecewdir 1967. Disassemtly of all subassemdiies was completed on 3 March 1968.
The resul<s of tne disassertly and post-operational examinations confirmed that the
MRX-¥ rexctor can operate at or above rated conditions for 60 minutes without
deletericis efrects on reactor systam components. U{me significant anomaly that
did otcur, however, were the axicl and circumferential cracks which were found in
the beryll-un reflector. Tnese cracks which cccurred near the end of the full
cower ho'd had no siynificant effect on any parameter measured during testing.
Consid rable analysis of the reflector has since been performed from the stand-
pcint of wmaterials properties, design requirements and reactor operating param-
eters. Fs a resilt of this analysis, it was concluoced that the cracks occurred
about 'wo minutes before the end of the full power rua and vesulted from thermal
stresse¢s in the reflector rings.

(CRD) Tre oerforvance of the core was the most optimistic result obtained from
the NRX-A6 tast. T+ «nterior fuel elerent and the central elements survived

tne full YHur run with 2o structural damage and a smsller than expecced corrosion
weight 10si.

iCRY) Th: tight core experiment (close element envelope and average size toler-
ance and selective assembly of central eiements) was very successful, eliminating
the probles of fuel element surface corrosion.

{CRC) Perfo-mance ¢° ine NRX-46 fuel elements typically was characterized by
inter-element bonding, rild surface corrosion, low pinhnle densities, lower mid-
band weight losses and higher hot end weight losses relative to NRX-AS and excel-
lent cormosion - sistance and integrity of the aft unfueled tip. The inter-
element bondi-g was caused by pyrolytic graphite deposition at the coie mid-plane.
Except fcr -eating disassembiy probiems, this effect was not harmful to the
NRX-AG op ration.

(CRDY  Midb :nd weight 1nsses of typical NRX-A6 fuel elements appeared to be
app Jx‘matel:. one-ten*: that of the NRX-AS fuel elements. The hat end weight
19sses for buth the NRX-A6 and NRX-AS fuel elements were of the same order of
magnitude. PFRX-f, demonstrated excellent corrosion resistance and integrity in
the aft non Suci tip joints. Some variation in corrosion performance was noted
between the various matrix-coating batch ty,=2s and with respect to core radius.
These v~ ~i1ations were not nearly as sronounced, however, as had been observed
ia previous NRX reactor tests.
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(CRD) Ngtch-type corrosion natterns sirilar to those cbserves on peripheral
XRX-A5 elements were agair observed on the peripheral faces of some NRX-A6
peripheral eiements, although the fraction of peripheral NRX-A6 alements affected
was lower. The post test analysis on the perivheral fuel elements show that this
notching was due to high thermal stresses at tne peripheral corners of certain
fuel elements. Tnis high thermal stress occurred during startup ard was due to
the cortined effects of the heat flow from the core to the hat buffer filler
strips and unfueled partial elements, and the cooling effect of a high leakage
flow between the filler strins at locaticns where shiftinc cf the element filler
strips created large flow Gaps.

(CRD}) The weight losses observed in the Xb{ matrix-additive and Nb resinate
impregnated experimental clements was somewhat higher thar that of comparable

core fuel elements. Flexure strength changes corresponded to the axial variations
in fuel element incremental weight loss.

(CRD) Chewical and radiocherical measurements performed on fuel elements indi-
cated that there were no significint anomalies or asymmetrics in radial or axial
fission distributions throughout thg core. The total integggted energy generatec
in the reactor was 1.57 + 0.07 x 10 3 fissions or 4.85 x 1012 watt-seconds. This
is equivalent to 66.8 minutes at rated power as compared with 53.2 mirutes for
NRX/EST and 32.4 minutes for NRX-AS.

(CRD) During the NRX-A6 test, a pneumatic control drum actuator, similar in
design with actuators to be used in the advanced NERVA reactor, was mounted side-
by-side with the NRX-A6 reactor to obtain data on the effects of a radiation
environment on component performance and operation. Very little change in per-
formance occurred after radiation exposure. The results indicate that the pneu-
matic control drum actuator will serfcrm as designea in a radiation field well

in excess of the predicted Xt engine fiela, and approximately equivalent to that
expected on the advanced NERVA reactor.

(u) Several cther significant accomglishments achieved during the test series
were (1) demonstration of the adequacy of the Test Cell *C* emergency LH» cool-
down system, (2) demonstration of the capability of the reactor outlet gas filter-
ing device (FROG) to reduce reactor effluent contamination in the immediate lest
Cell "C" area during LNy puise cooling, and {3) determination of the reactivity
worth of the Test Cell "(" facility snield and its effectiveness in reducing
radiation exposure demonstrated.

{CRD)  CONCLUSIONS (Uu)

(CRO})  The successful completion of the NRX-A6 test resulted in the fallowing
significant conclusions:

(CRD) 1) The results of the NRX-AE test demonstrated the endurance capability
of the NRX-A6 reactor at rated conditions.

(v) 2) A good analog systems modei for the reactor and Test Cel’ “C" in
the NRA-A6 test configuration was developed and verified.
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(u) 3) Test Monitor Room operation was developed to give the capabdbility of
2llowing continued operation with a major discrepancy in the indicated orimary
control variable.

(CRD) &) Demonstration of the capability of a grafoil wrapper to provide
radial flow impedance at the core periphery was accomplished; verification of the
applicability of an out-of-pile core periphery test device was also accomplished.
(CRD) 5) Observed damage confirmed the decision to avoid periphery designs
in the future which utilize "hot™ filler strips and irreqular peripheral cluster
support devices capable of being influenced thermally by cooler peripheral flows.
(CRL) 6) The combiration of improved fuel eiement coating techniques, across
flats dimensional contro!, attention to coefficient of thermal expansion, flat-
tened core power distribution, and changes in core interstitial pressure distri-
bution resulted in m3rked improvements in core corrosion performance.

(CRD) 7) Fuel bore corrosion improvement efforts, primarily in the mid-band
region have resulted in elements capable of 60 minute one-cycle operation at
€xit gas temperatures up to 4440°R with weight losses of approximately 13 grams.
(CRD) 8) Comparison of NRX-A6 Quality Control corrosion test data and sub-
sequent parametric corrosion tests of NRX-A6 elements indicated reasonably suc-
cessful correlation of corrosion test results with reactor results. Further,
the corrosinon test results indicated that at NkX conditions, two and perhaps
more cycles could be tolerated for 60 minutes operating time.
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SeCTION 2
(CRD) TEST ASSEMBLY AND FACILITIES DESCRIPTION ({U)

(L) The NRX-A6 test asse~tly consisted of a nuclear subsystem, pressure vessel,
and nazzle mounted on a test car. The test assembly, with its associated piping,
shieldinj, controls, and instrumentation was installed into the Test Cell ‘C"
facility at %BDS. The Test Cell “C" complex includes fluid storage {gaseous and
1iquid hydrogen and nitrogen, heliur, and process water), piping, and control
systems necessary to corplete a test series orn an upward firing reactor system.

(CRD)  REACTOR (u)

(CRD) The NRX-A6 reactor, which hac the same general configuratic:. as the NRX-
A2 through NRX-A5 reactors, was an epithermal nuclear reactor consisting of a
fueled graphite core, surrounded by a beryllium reflector assembly, and enclosed
in an aluminum pressure vessel. The principal differences in the NRX-A6 design
from previous reactors was the elimination of the graphite inner reflector and
consequent modifications in core periphery and core lateral support system, and
that the reactor was supported from the aft (nozzle) end. These design differ-
ences resulted from two of the NRX-A6 design objectives: (1) that the reactor
have a basic structure applicable to reactors of greater power density and size,
and {Z) that the core veriphery and lateral support system design lead to the
reduction of cor - corrosion.

(CRD) Figures 3-1 and 3-2 show some details of the mechanical configuration

and flow paths of the NRX-AS reactor. Coolant enters the test assembly at the
nozzle torus and passes through the 186 nozzle tubes into the reflector inlet
plenum. The coolant is then divided among channels through the reflector, con-
trol drums, and reflector/pressure vessel annulus, is disznarged into the reflec-
tor outlet plenum, and proceeds through the first pass (neripheral section) of the
simulated shield into the dome end plenum. The direction of fiow is then -eversed,
with the coolant flowing through the second pass (centrz] section) of the shield
and through the flow screens which assure removal of any particles sufficiently
large to cause blockage of a fuel element orifice. The fiow continues through

the core support plate and into the core inlet plenum. There it is divided into
parallel flow pa*ths through fuel element, tie rod, and unfueled partial element
channels, and laterai support svsiem. Flow distritution is approximately 92.2
percent through the fuel elements, 6 percent througn the tie rod channels, 0.3
percent through the unfueled partial elements, and 1.5 percent bypass flow through
the lateral support system. The effluent of these flow systems exhausts into the
nc2zle chanber, providing the required mixed mean temperature and flow rate.

from the nozzle chamber the propellant is expanded throu,h the nozzle throat and
erhausted to the atmosphere.

(U) The following subsections present a brief description of the principal
NRX-A6 reactor components and identify the major design changes from the NRX-AS
reactor. h more detailed description of the reactor may be found in References
6 and 7.

b
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(CRC!  Cove and Ccre Periphe:r; {U)

(CRD)  The NRX-A6 core was nominally made up of clusters of six fuel elements
and a central, unfueled element. Each ciuster was supported axially by means of
a tie rod attacted to the support plate. The tie rod passed through the central
element and was connected to a support block at the aft end of the cluster.
Irregular cluster assemblias were used at the core periphery. Partial unfueled
elements and filler strips completed the cylindrical shape of the core at its
periphery.

(CRDY) To miaimize fuel element corrosion and to avoid the hot buffer filler
strip breakage that occurred in the NRX-A5 reactor, several design modificationc
were incorporated into the NRa-A6 core periphery. Hot buffer filler strips were
useu without coolant holes and with niobium carbide (NbC) coating on the radial
outward facing surface. .5 grapnite pyrofoil wrapper covered the outside surface
of the filler strips. Forty inch long pyrographite insulating tiles were placed
outboard of the wrapper and held in placce by the lateral support seal forces
(Figure 3-3). The wrapper extended from Station 12 to 52 and consisted of six
staggered layers of 5-1/2 mil thick pyrofoil with 24 sheets in each layer. The
pyrofoil was designed to eliminate radial inflow from the periphery and the core
intereiement gap thereby reducing filler strip corrosion and eliminating thermal
stress cracking of the peripheral fuel elements. The wrapper permitted seal
chambei- pressure toc be increased, thereby increasing bundling pressure on the core,
reducing interelement gaps and thus reducing severity of pinhole corrosion. A
total average bundiing of about <0 psi was produced using controlled flow through
the periprery seals, in comparison to the NRX-A5 filler strip bundling of about
15 psi. Testing also showed that the pyrofoil wrapper on the external surface

of the filler strips was effective in impeding radial inflow and could bridge
gaps witnout tearing due to t“e pressure drop across the wrapper. A 3 to 5-mil
s1ip plane of pyrofcil was placed between the coated fuel periphery and the filler
strips to provide a reduced coefficient of friction for relative motion between
the fue!l and fillers.

(V) Radial constraint of these components was achieved by the lateral support
system as shown in Figure 3-i. '

(V) By compariscn, NRX-A5 did not have a pyrofcii slip plans or wrapper, and
only 120 degrees of the periphery were covered with pyrotiles external to the
filier strips. The remainder of the peripkery had pyrctiles internal to the
filler strips as in prior NRX reactors.

(CRD) 7y insure that the filler strips could survive the expected startup and
shutdown transient conditions, the average steady-state gap between filler strips
(Station 12 to 48) was increased from 0.0005 inches (NRX-A5) to approximately
0.6430 inches. Thi- was expected to minimize circumferential bridjing between
filler strins even during emergenc: shutdown. Also the minimum gap bectween the
filler strip key-ways and forward ledge of the keys on the elements was made equal
to the maximum possible gup between the aft end of the filler strips and the sup-
port i1edges. This was designed to prevent the filler strips from axially loading
the forward edge of the keys by providing adequate axial clearance.

[ 4
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{CRD)  In the NRX-A5 reactor test, particles of graphite from broken forward
ends of the filler strips had entered the core inlet plenum between the core sup-
oort plate and forward ends of the filler strips. These particles became lodaed
between the core support plate and cluster plate, ultimately resulting in severe
Tocal overheating and eaccelerated corrosion of a fuel element and support block.
In the NRX-A6 reactor, a particle catcher was incorporates at the inlet end ot
the core periphery to eliminate this potential problem. The design of the par*icle
catcher is shown in Figure 3-4 and consists of numerous metal finger sprino
trapped against the aft side of the core support plate by a bolted netal ri
Stress analysis of the particle catcher indicated that the clearance betwe.
segment. of the particle catcher was sufficient to prevent interference dur: .
reactor operation.

(CRD)}  Fuel Cluster Support Blocks (U)

(V) In pravious reactors, the support block extended aft of the tie rod.
This extension or "skirt" was lined with a pyrographite cup, and the combination
of skirt and cup provided the necessary thermal protection of the tie rod and
support blocks.

{CRD)  The support blocks used in NRX-A6 were "skirtiess" and protection cups

made of graphite-niobium carbide composite and a pyrograpnite cup were used to

grotect the tie rod ends which would otherwise be exposed to the core exit tem-
perature and flow environment. Tungsten protection cups and pyrographite cups

were used for the irregular clusters at the core periphery ard for the exit gas
thermocouples. The tungsten and composite cups were used for the first time in
the NRX-A6 reactor.

(CRD}  Fuel Element (U)

(CRD)  Changes from NRX-A5 in the design of the reguiar fuel elements, consisted
of: (1) changes in fuel loading, (2) fuel element coatings, and (3) fuel raw
materials and processing. The core had fourteen loading zones which required
eleven separate fuel loadings ranging from 132.4 grams/element (enriched to 93.15
percent U-235) to 23.9 grams/element. The increased number of loading zones was
designed to provide minimum variation in power density across the core, thereby
reducing pressure differences between bores to decrease pinhoiing. Niobium car-
bide (NbC) channel! coating thickness was decreased to improve NbC adherence and
crack distribution, and molybdenum overcoating was applied on fuel element chan-
nel bores {o reduce midband corrosion. New improved requirements were added to
the fuel element specifications to make the elements more uniform. These require-
ments consisted of: (1) a tolerance on the transyerse coefficient of thermal
expansica limiting the range to 2.54 + 0.24 x 107° in./in.-°R (NRX-A5 nominal
raitged from 2.5 to 2.8 x 10-6 in./in.-°R), and thus minimizing thermally induced
stresses and the opening of hot end gaps due to differential growth; (2) tighter
dimencional tolerances of both the fueled and unfueled elements by reducing the
across flats tolerance for all fueled elements, except two coated peripheral rows,
from + 0.001 to + 0.007 inches, and controlling across flats size for fueled and
unfueled elements, with and without coating, to an average of 0.7530 + 0.0COl
inches, and thereby improving core bundling by reducing individuc! element size

GOREDEMNGLL
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variation; (3. changing the crapnitizaticen cycle from 225071 sor 1 hour to 2200°C
“sr 3 hours *o assure wgre uniform elemen. siziv~ and iccroved dimensional stebil-
ity. (4) rodirication of the ruel elerent aft end from the undercut to tapered
configuration: (5) utilization of a less permeable matrix (170 co/min aximum for
full body leakage using 10 osig air} to reduce porous flow througn the ~—atrix;

() improved graphite flour blend based on elactric furnace tests for improved
corrosion performance; (7} use of uniform fuel bteads from single supplier for
improved corrosion gcerformance; and (8] increased flexure strength from 4440 +

530 pst for NRX-A5 *o 5100 + 300 for “Ba-Ab for increcsed design <iructural margin.
To provide a perfl: .ance evaluation of the variations in fuel processing between
aestingrouse (ANCO) processed fuel 2lerents and Cak Ridge (Y-12) fuel elements,

a statistically designed fuel eleme-t nerformance experiment was incorporated

into the core. The elements used were extruded ard coated at both WNCO and Y-12
utilizing four extrusion-coating cumbinations. In addition, elements made with
various new coatings and new fuel matrix compositions were included irn the core.
Tne specific placement of elements within the core is given :n Reference 6.

(CRC)  Reflector (U)

(CRD)  Previous NRX-A reactors used two reflectors: an inrer, grapnite cylinder,
and an outer c¢yiinder made up of iwelve full-length, beryllium sectors. The func-
tinns of these two re<lectors were combined in the single NRX-AS reflector. In
adaiticn *to its nuclear furction, the refleclor was a major structural component
in that it contained the contrcl drums, housed the lateral support system springs
end piungers and transmitted the axial core load from the support plate to the
nozzle flange as snown in Figure 3-1.

{CRB) The reflector asserbly consisted of three identical annusar beryllium
rings stacked to form a continuous cylinder 52 inches high with an 1D of 37.662
ard 0D of 49.460 inches. A titanium core support ring extended from the inner
edje at the €crward enc of the reflector to support the ccre via the core suopert
plate. The aft end support ring extended from the inner edge at the aft end of
the reflector to the nozzle, providing the support for the reflector and the core
in the pressure vessel. Eighteer titanium tie bolts axially clamped together the
tnree beryllium stacked rings, as well &3 attaching tha core support ring and the
a*t erd support ring.

{U) There were severzl axial renetrations in the refiector including the

4,300 inch diameter hoies fcr the cortrol drums and coolant holes spread through-
out the cross section, with a greater number of coolant holes at the inner periph-
ery. 7the control drums used in the LRY-At reactor ware essentially the same as
those used in the NRX-A5.

(L) Tne reflector assembly was ccoleu by bvdrogen zfter the propellant left
the nozzle tutes. Part of _his flow wa: verted to the pressure vessel annulus
where it conled the pressure vessel and :he outside of the roflector. Tne baiance
of the coolant flowed through noles in the refiect- - sntys: druas.
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{CRD) Lateral Support and Seal Syster (L)

(CRD) The inside diameter ¢f the bery1lium ~ylindar has 24 c’rcumferential
grooves which locate and support the outer seal segments (seal rings) of the

24 rges of the core periphery seals. The latera: support seal segmerts zre
shown ia Figure 3-5. tacrh core perighery seal ring is made up 0° twelve over-
lapping secments and consists ¢ both an inn2r ring sealing against the core
periphery, and an ou‘er ring sea:ing against the reflec.or. The outer scal seg-
wents are fastened to the reflector with lat.ns<. «acdial penetratinns in the
reflector provide housing ¢or the latera! support plunger assewtlies shown *n
Figure 3-5. Two plungers bear against each segient of the ‘nner seal rings. Due
to the design of the seal rings, a wedging actior takes place which forces the
inner sea: segments again>t che core periphery ard the >uter sezl segments
against the reflector. Thus contact (and therefore t-: sea’) was mainta‘ned as
the core underwent therrmal expansion. Lateral support was accorg!ished by coil
springs which exerted fcrce on the core outer diameter. Force was transmitted
from the sprivcs (0 the inner <ea! segments by plunger pins. Slesves and <eals
were placed around the rlunger cins where they intersected axial coolant holes
near the inner surface of the reflector. These sleeves and seals preventec
reflectcr coolant {rom leaking into the wore periphery.

(v} Holes, drilied in tne seal segments, pravided controiled coolant flow
througt the lateral suppor: <vstem and maintained the desired axial pressure
profile %0 insure adequa‘’e core bunciing. Three rows of heavier springs at the
forward end were used to replace the bundling band. ateral support in previous
NRX-A reactors used a titanium bundling band at the top of the reacter as well
as seal rincs of rectangular cruss section and leat springs housed in the inner
reflector.

(CRC) Core Support Plate ard Axial Support System (L)

(CRD) The NRY-AE core was supportad axially by means of a core support plate at
the forward end, and tie rods, ac shown in Figure 3-1. The 289 fuel rcluster tie
rods exiended through and attached to the support plate. The support plate was
attached to the berylliurm reflector acsertly by means of the forward end supporti
ring. The reactor was attached to tne precsure vessel by six reflector tie balt
standoffs and the reflector axially loaded Ly the nrzzle through the aft end
support ring. as shown in Ficure 3-6. In the ARX-A5 reacter, a <o end support
ring, connerted to the forward vessel flange, suppccted the reactor.

(L) Shieid and Screen Asserbly

(G; A& domed aluminum replacerment shield was uced 1n the X0V-A6 reactor to
simulate the flow characteristics of 2 ragiation shield in the NRX reacicrs as
was done in pricr reactors. Thne replacement shield was cocled by the propeliant
as 1t left tne reflector and presiure vessei ennclus.

{v) Annular passages around the Zrum drive siafts alorg tne periphery of the
shield, arnd holes drilled in the shield, Cirected the coolant leaving trhe reflec-
tor and pressure vessel anaulus to the dome end ~f the pressure vessel. The
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coo:ant then flowed through holes in the central part of the shield in the direc-
tion of the support plate and core. Individual screens were placed at the aft

end o7 each of the second pass holes in the shi2ld; where they served to retcve
particles fror the propellant. Figure 3-1 shows the shield and individual screens.
Tre NRX-A5 reactor differed from NRé-*6 in that it contained one larg. particle
screen between the skield aang support plate.

(. TEST FACTLITIES

() The t-st facility usad at NRDS to conduct the KRX-A6 test sevi:: w3 the
Test Cell “C- -wmwlex. {ryogenic, gaseous. hvdraulic, pneumatic and electrical
Systers are prozided at Test Cell “C* to suprort either NRX or Phoebus type reac-
tor testing at this facility. A brief description of these systems and their
erimary function is given below. A more complete descriotion of all Test Cell
“C® systems car be found in Reference 8. A schematic of the basic Test Cell *C”
tlom system is shown in Figure 3-7.

(L) Propellant Feed Syster: (L System in Figyre 3-7;

(v The LHp propellant feed system consisted of, (1) Dewars 1 and 2, (2) the
vacuum jacketed piping from the Dewars to the turbopurmp, {3) the turbopump assem-
tlv, and (4] the vacuum jacketed piping from the turbopump to the test car inter.
face.

(L} The primary function of the systerm was to deliver LH; to the reactor at
the requured flow rates and pressures and to provide Li> tc the Turtine Energy
Scurce {TES) excnanger for turtine drive usage.

() The 1iquid hydrogen suppiy for the propellant feed systew was stored in
Ep-ars 1 and 2. Tne total adeliverable capacitv from both of these vacuum
Jacated Lewars was approxirately 1,012.020 oallors or 630,000 1b of LHz when
pressurized up to a maximum of 75 psig. This capacity is substantially in excess
of the requirements for a one hour run of an NRX-A type system.

(L) The Dewars were pressurized to aoproxirately 75 psig by the G-z storage
tottles or the TES in o-der to maintain the reguired net positive suction head
at the turtopump assemb.r inlet.

(.} Tan Mark XXY turtopumps, mounted in parailel, were available for increas-
ing this gressure to the reguired levels. zach turbopums consisted of a pump
capable of delivering 165 1bssec with a pump discharge prescure of 1800 psi at
34.000 =, well above the maximum NRX-A6 reguirerments. Hence, only one pump

(¥o. 2) was used for NRX-AE, with the line to the other pump blocked. The turbine
was a five stage jaseazus hydrogen turbine capable of operating at 22,000 WP, At
tne outlet of the turbojump some LH; was tled off and fed through an LHy/hot
water counterflow heat exchanger or Turbine Energy Source (TeS) to produce suf-
ficient ambient temperature GN, to drive the turbopump assembly. At NRX-AS rated
conditions. approxirately 5.4 .t/cec of LH, was bled from the main propellant
feed system to supplv the TES, vhile 72 Ib;sec was being delivered to the reactor.

(THIS PAGE IS UNCLASSIFIED)
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The gaseous hydrogen reguired as the erergy source for the turbopump was initially
supplied from the gaseous nydrogen storage bottles. However, once a stabie boot-
strap operation was completed, the turbopump was drivern by GH; from the TES. Dur-
ing the NRX-A6 full power test, the turbopump operated at approximately 23,500 RPN,
while delivering a total flow rate of 112 Ib/sec at a pump discharge pressure of
940 psig and a specific speed cf 1200.

(u) The main propellant line from the turbcpump to the reactor containec two
venturis for flow determination, LF-10 and BF-13. Downstream of LF-10 was the
main propellant line control valve L-11 and a bypass line cortaining valve L-111.

(u) To insure that the tu-bopump operated away from the pump stall region,

a specific sneed i0on was provided. The function of the control system was to
bypass pump flow throuc- the pump bypass valve L-209 to maintair a constant ratio
of pump flow rate to speed; thus providing sufficient stall margin fer the turbo-
pump during normal operation. The turbopump Specific Speed Control valve (L-209)
was located in . §-inch line which branched off from the pump discharge line
immediately downstream of the turbine flow meter (HF-631). This valve was used
in conjunction with the specific speed control loop to operate the pump at a
preselected specific speed by venting the required quantity ¢f liguid hydrogen

to the main flare stack. During the RRX-A6 full power test aoproximately 30 1b/
sec of LHy was vented to the flare stack to maintain a specific speed of 1200.

(V) Turbine Drive System (4 System in Figure 3-7)

W) The turbine drive system consisted of, (1) the TES heat exchangers and
associated piping and components, (2} the vacuum jacketed piping from the pump
discharge piping to the TES inlet manifold, (3! the discharge piping from the

TES outlet manifold to the turbine inlet control valve (H-60), and (4) the initial
turbine drive system which included the piping from the Dewar pressurization
header to the TES discharye piping.

(u) The primary function of the system was to provide sufficient ambient
temperature gaseous hydrogen tc drive the turbopump assembiyv. The GHp could
be used interchangeably with the GH, from the tank farm, except that the tank
farm had a fixed capacity limit whereas the TES was limited only by the avail-
ability of hot water.

(u) A secondary function was tc provide GH, for the pressurization of Dewars

1 and 2 during bootstrap operations. The primdry component of the turbine drive
system was the turbine energy source (TES) which was an LH;/hot water counter flow
heat exchanger. Its function was to vaporize _he LHp being bied from the pump
discharge 1ine and supply the ambient GHy to drive the turbine.

{u) The TES unit consisted of four heat exchanger sections connected in
parallel. Each section was designed to vaporize 12.5 1b/sec of LH; and produce
gaseous hydrogen at approximately 520°R. Tne temperature of the water leaving

the heat exchangers wac approximately 80°F. The pressure of the GH; being supplied
to the turbine control valve H-60, from the heat exchangers, was approximately

100 psi less than the pump discharge pressure.



@

(v) During NRX-A6 testing, the TES was to supply approximately 6.9 1b/sec of
GHz for turbine drive and approximately 0.7 1bisec of GHp for Dewar pressuriza-
tion. Only two heat exchanger sections of the TES were required to deliver this
total GHp flow rate of 7.6 1b/sec. The water flow rate to each of these two
sections was approximately 1000 gpm while the other two sections were set up for
bypassing 100 gpm of water each. Therefore, the total TES water usage rate for
NRX-A6 testing was to be approximately 2200 gpm.

(J) High Pressure LHy Cocldown System (X System in Figure 3-7)

(J) The high pressure LH, cooldown system consisted of, (1) an 8,000 gallon
high pressure Dewar 3, (2) six GHz ullage bottles, (3) the gas line from the
ullage bottles to Dewar 3, (4) the gas line from valve X-50 to the ullage bottles,
(5) the main 8-inch vacuum jacketed LH» propellant line from Dewar 3 to the main
LHZ propellznt feed line, and (6) the Dewar 3 fill line from Dewars 4 and 5.

(U} The primary function of the high pressure LHp cocldown system was to
provide LH, cooling to the reactor in the event that an emergency shutdown
accurred a* any time after the -tartup of the run profile until the initial cool-
down peri: = was over. This system was also used during NRX-A6 testing to provide
the initial cooling to the reactor following a normal programmed shutdown.

(V) The pressure in the ullage bottles and Dewar 3 was programmed as a func-
tion of run time and pump discharge pressure. .ne pressure xas automatically
ircreased by pressure control valve X-53 during the ramp up to full power and
manually ircreased during the full power speration. 0Uing a normal shutdown,
the pressure in the ullage bottles and dewar was vented to atmosphere.

(v) The high pressure LHy Cooldown System utilized an open valve (X-3) con-
cept with Dewar 3 riding on-line. Since the Dewar 3 pressure was always main-
tained lower than the pump discharge pressure, the pressure in the main propellant
feedline held the check valve (X-1003) closed. Had the pump discharge nressure
suddenly decreased to a value less tiaan the pressure in the high pressure Dewar
at any time during a run, the check valve (X-1003) would have opened and LH)
coolant flow would have been provided to the reactor from Dewar 3. This type of
malfunction would have scrammed the reactor as a result of a loss of flow shut-
down (FSD).

(v} sccumulator Svstem

(V) A 10 cubic foot gas accumulator branched into the main propellant feed

line immediately downstream of the turbopump discharge check vaive fur the specific
purpose of reducing the pressure oscillations or “water hammer" effects that could
occur as a result of several types of accidents .. flow shutdown. This modifica-
tion was made based on CAM studies of flow shutdown. Without the accumulator,
these pressure osciilations could violate the minimum nozzle flow requirements

and consequently cause nozzle burn-out. Flcw fror the X system is initiated
through check valve X-1003 as soon as the cain wropellant line pressure falls
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below the demand level reguired to prevent nozzle tube burnout. Flow from Dewar 3
continues until its discharge pressure falls below the 100 psig level of Dewars 4

and 5. Since the programmed Dewar 3 pressure for the 2000°R hold of Experimental

Plan III (EP-III) was less than 100 psig, the high pressure Dewar was not used for
this shutdown. It was used, however, during the EP-IIIA shutdown for a period of

22 seconds following reactor scram at 2500°R chamber temperature.

(u) Low Pressure LH> Cooldown System (K System in Figure 3-7)

(V) The low pressure LH) cooldown system consisted of, (1) Dewars 4 and 5,

(2) the vacuum jacketed piping from the Dewars to valve K-6, (3) the mixing chamber,
and (4) the foan insulated piping from check valve XC-1006 to the main LH, propel-
lant feedline.

(u) The primary function of this system was to provide LH, for reactor cool-
down for a substantial period of time immediately following the initial coolant
flow from the high pressure Dewar system. This system provided approximately
37 minutes of LHp coolant to the reactor during the NRX-A6 cooldown.

(u; Dewars 4 and 5 are vacuum jacketed, perlite insulated, spherical Dewars

with a combined total deliverable capacity of approximately 58,000 pounds of LH»
when pressurized to 160 psig. Flow from these Dewars was measured at venturi

KF-5 and controlled with analog control valve K-6. The LHp could be mixed with
ambient GH2 in the mixing chamber to provide “ccid" gaseous hydrogen to the reactor.

(V) The low pressure LHy Cooldown System also utilized an open valve (K-7)
concept with Dewar 4 and 5 riding on-line. The higher pump discharge pressure
held the check valve (KC-1007) closed. Following #n emergency or normal flow
shutdown, LH, coolant flow would be continued from these Dewars after the pressure
in Dewar 3 dropped below the pressure in Dewars 4 and 5.

(U) LH7 Cooldown System (N System in Figure 3-7)

(v) The LN Cooldown System included three Lii; Dewars, tw~ reactor cooldown
vaporizeis and all piping, valves instrumentation and controls necessary to pro-
vide either cold gaseous or liquid nitrogen to the reactor during decay neat
removal operations.

(U) For NRX-A6, LH2 pulse cooling was to be used during final reactor cool-
down after the 90°R GHp, was no longer required. Ouring the NRX-A6 cooldown
sequence, (Np cooling of the reactor was initiated at 58.3 minutes after shut-
down and continuous flow was maintained for approximately 17 minutes. LHy pulse
cooling was then provided to the reactor until 75 hours after snutdown.

(V) The total LN% stcrage in Dewars 6, 7, and 8 was approximate!: 58G,000
pounds at minus 320°F. Design pressure of the intzrnal vessel was i50 psig,
with the external jacket designed %o full vacuum.
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(V) The Reactor Cooldown Vaporizer (RCV) vent used for converting LN, to GN,,
was an integral part of the LN coo]down system and was located on the F?ow Con=
trol Room roof. The RCV was af LN,/hot water counter flow heat exchanger. LN,
was supplied to the RCV from the Lﬁ Dewars at 14G°R with hot water from the
Process Water Storage tank supplied at 660°R.

(U} Gas Systems (GH»>, GNo, GHe-G and Q Systems in Figure 3-7)

(U) The gas systems included ambient hydrocen, nitrogen, and helium. The GHp
system was available for prepurging, cooldown, LH, Dewar pressurization, and for
initial tur.ine drive. The GN; system was used for post-test reactor cooldown
and purging, test cell area purging and inerting, pressurization of the process
water tank and LN, Dewars, activation of remote control valves, and cooling of
varic"s instrumentation. The gaseous helium system was used for pre-test reactor
purge, post-test reactor cooldown and purge, purging of various lires and Dewars,
and cooling of reactor instrumentation.

(U} Borated Water/Shield System

(u) The borated water (BHy0)/shield system consisted of, (1) the mixing tank
and agitator, (2) the BH50 storage tank (BWT), (3) four heat exchangers, (4) two
hot water heaters, (5) two heater pumps, (6) one circulating pump, (7) one privy
pump, (8) two shield pumps, (9) the 360 degree shield, and (10) all 3ssociated
piping and instrumentation.

(V) The primary function of the 360 degree shield was to reduce activation
of the Test Cell, and tne primary function of the flow system was to provide an
adecuate flow of BHZO to the privy roof and the reactor shield halves for neutron
protection and cooling purposes. A mixture of borax and boric acid was used to
give a solution of sodium pentaborate having 2 pH of 6.8 which would act as a
neutron absorber and therefore provide protecvion for tne test cell wall and the
equipment inside the privy. This system could be operated during startup, power
runs and cor:down (normal and emergency). Figure 3-8 iilustrates the shield and
support system in place. tach half of the shield consisted of four (4) inter-
Tocking aluminum tanks with five internal passages which accommodated the total
shield flow of approximately 4500 gpm of the borated water solution. The flow
rate used was sufficient to maintain shield material temperature well within
reasonable limits.

(u) The BHyC system had the capability of providing a gravity flow to the
shield halves and privy roof in the event of loss of the privy and/or shield
pumps due to a power failure. The flow, which decayed exponentially, was pro-
vided by the static head in cthe borated water tank and flowed to drain via the
pumps, shield halves and privy roof.

(CRD)  CONTROL SYSTEMS AND SAFETY SYSTEM (U)
(U) A description of the reactor control systems, safety systems, and facility

control systems is given in this section. These systems were designed to meet the
requirements of flexibility, safety, reliability, and performance.

(2
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(CRD)  Reactor Control Svstem ana Safety System (U

(u) The reacto: contro! system consisted of two basic loops, a power or tem-
perature loop which controlled the position of the centrol drums ¢nd a flow loop
which con*rolled the position of the turbine power ccntrol valve (H-60). A block
diagram of the control system is shown ir Figure 3-9; a more detailed description
and schematics of the control system may be found in Refwrence 9.

(CRD}  emperature Control (U)

(U) The NRX-A6 temperaturs controller was similar tc the “no-flux" loop tem-
perature controller used during NRX-A3.

(v) The temperature controller changes drum pcsition in response to ervor
petween demanded temperature and the average of 4 nczzle chamber thermocouple
readings.

(u) The temperature demand, temperature measured, and temperature trim were
summed to produce a compensated temparature a2rror. This error signal was then
converted to a control drum velocity demand. This latter sianal was fed to the
cutput amplifier which converted the velocity demand tc a drum position demand.
“he temperature trim wes a manual adjustment o- the programmed demand with an
adjustment range of + 500°K. A 45 degree/sec limit on maximum drum velocity at
the output of the temperature controller was utilized.

) The temperature controller design was a compromise zetween conflicting
requirements of good transient response and small static errors at the high end
{4090°R) and adequate stability margins at the low end (200°R} of its operating
rarge.

(CRD) Provision was made tor the controliaer to operate with an alternate feed-
back signal, the average of ten thermocouples located in unfueled elements of the
rore at Station 26. Th's, among several other options, cculd have been selected

. the Chi-< Test Operator. The other options were direct control of drum pasi-

tion or pow2r coentrol.

(u) Power Contro?

(V) The NRX-846 pcwer controller was similar to that used during NRX-AS except
that the temperature trim was eliminated. This contrcl mode was to be used at
powers below the operating range of the temperature controlier (preliminary test-
ing and during startup to full power), and as a backup control mode for high power
operation if the temperature controller failed.

{Uj Log power demand, log power measured, and powe trim were summed to
produce 2 compensa*ad log power error. This error signal was then integrated to
become a control drum velocity demand. The velocity demand was fed to the output
amplifier which converted the velc:ity demand to a drum position demand. The log
power demand could te either manual or programmed. The ~ower trim was a manuai
adjustment of the prngrammed power with an adjustment range of a factor cf 2 of
the demanded powe: (1/2 tc 2).

LONPIBENRN L,
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() rcliow-up amplifiers were incorpcrated in the dower controlier so the
marual log cower dexand would “0llow the measured 1cg power when this demand mcde
w3s not being useG. &trror meters allowed switching betazer mode: with minimun
transient effects.

{u) The cortrolled channel was autcmatically selectea from a group of four
detectors. The selection criteria were such trat the control signal was neither
the highest or the luwest of the four, thus protecting the systex from a failure
of 3 single channel.

L) The log power control system was ar eight-decade system which covered the
range from 3tout 1G0 Watts to 10,000 M. The eicht decedes were taien from atout
the midule of the nine decade log amplifier {i.e., about 1/2 decade un each end
cf the eight decades).

{u) Tne measured log power signais frc the indivicdual charnels were used
for the power scrar circuits (fixed nower, floating power, arograzmed power, and
nericd).

(u) An automatic startup contrc” mod2 similar to NRX-AS w2s provided to initi
ate reactor gperation. Ir this mode, *h2 contril drums are prograszed slowly
through the critical drum positicn and wnen 2 preselected power level is attained
the power control mode is automatically selected.

{v) Drur Positicn Contro?

(v} The drum position control for NR)Y-A6 was gang corirel. The cne exception
to gang ~.ntroi was that twc drums cGuld be “tuzped” :inot controlled) to 180 or
0 degrees with the otner drums 1n gang position coatrol.

(u) The output amplifier of the power or terperature controller (same ampli-
fier) became a unity gain amplifier when the position control mode was selected.
The drum position desand [either manual cr programmed; was summec with measured
drum position, wanual trim, and “zero offset” sicnals to produce an error signal.
This errcr signal was sent to the actuator servo amplifier.

(v) Tre control drums were scrazmed by an actuator scram relay between the
amplifier and actuator servo of each control drum actuator. This relay was
normaily enerjizec. A scram de-energized the relay, thus connecting the actuator
servo to .ne scram battery which caused the servo to drive the drum in. Each
actuator had a separate battery.

(u) Limiters

{v) Power and temnerature limiters were grovided for NRX-Ab wnich could be
used in temperature and power control, but not in positicn cortrgl. The limiters
enter the controi system upstream of the output amplifier of the oower or tcmpera-
ture controller. The limiters were similar to those used in NRX-AS. Station 26
temperature was the measured temperature input to the temperature limiter.
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i) Fiow Control

L) Tne flow control at Test lell “C* was similar tg that used at Test Cel}
A'. The tiow control 100p consisted of inner icops c¢r RPM and turtine vaive

(
(H-€0} position. A specific speed lcop protected the pump from cperaticn in the
stall reg:on ¢f the pumc operatirg map.

e Tne tTiom rate dermand (prograrmed or manual) was summed w' th measured

flow rate, and the error converted to ar RPM demand. tither this RP¥ demand c-

d manuai 9PN demand was coagared with measured RPM and th2 a2rror converted to a
change irn turbine control valve {H-60) position. Either this Zemand or & manual
B-60 position demand ~as compared 10 measuyrcd positicn with the iesult being the
demanded change in H-60. The flow rate used fcr contrcl was measured at a fiow
venturi which was downstrear of the pump and the bypass lire fcr the TES. A flow
t1as was incorporated to allow stable pump operaticr until! a flow rate syitable
for control was obtained.

id) To prevent operaticn of the turbopump in the stail recion an automatic
control system opened a bypass valve {L-109) downstream of the pump if the ratic
cf ouzp flom rate toc pumc speed became %60 smaiil.

(u} Fcilow-up amplifiers were incorporated so wher the mazual demand modes

of flow, RPM, and H-60 position were not being used the manual demend followed

the measusred parameter. Errgr meters were incorporated to allow switching between
rodes with minimum transient effects.

(L) Raactor Sirulation

{u) 4 reactor simulator was provided to assist in checkout of the control
system pr-ior to a reactor run, checkout of the run orocedures, and te supple-
ment opecator training in sirmiated normai and malfunction conditions. The
reactor simulation was composed of two parts:

1) A Kinetics simulator,
2) Flow and temperature simulation.

(L) A reactor kinetic, sirulator was a three group log model whick incluced
temperature and fiow reactivity feedback. The simulater could be used with or
without the neutronics system. The reutronics system could be bypassed and a
tog power signal generated intermally in the simulator or a simulator detector
current could be fed into the lcg amplifiers and the remainder of the actual
neutronics circuit used.

(v) Flow and temperature sirulation was divided into the following sections:
Cewar, turbine and pump. propellant line, turbine enercy source, reactor tnermc-
dynamics, high pressure _2war, cooidown lines, and mixing chamber. The GH»
pressire upstream of the turhine controi valve {H-60) was controlled by H-§3.
Chamber and Station 26 temperatures were generated for control and readout.

There were cother tesmperatures calculated but not brought out for external use.
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(L) Emargency Shutdown

) An emergancy shutdown was used to protect both the test articie and tre
facility in the evert of a malfunction. Inputs to the emergency shutdewn syster
for NRX-A6 included fixed power, floating power, pregrammed power, period, flow
trig, minimum drum position, ioss of critice! Dower suppites, turbine speed,
turbine inlet pressure. and low contrcl drum nydraulic pressuwre. These inputs
protect *he reactor, assure that it can be :-L*down in a safe marrer, and Dre-
tect the turbopump by scrameing the reactor and terminating rormal propellant
flow.

(Ul The perio¢ circuit was similar tu that used for NRX-AS except that silicon
dicdes were used upstream of the period :ircuit to reduce tne chances of a scram
due to noise.

(u) The flow trip monitored wne raie of change of pressure in the main pro-
pellant line to initiate an emergency shutdown if the rate was tco great. The
pressure was measured downstream of the pcint that the high pressure Jewar entered
the propellant line. Either a rise or declire in pressure grecater than 52 psi/sec
could trip the shutdown chain depending on the length of time the transie.t ccn-
tinued. A lag (capacitor) was included in the circuit to elimirate trips from
nois§. Any pressure ramp would have had to continue long enough tc overcome

the lag.

(u) Typical Reactor Startup Sequence
(u) The following is a typical sequence of reactor control modes required for

a high power test of the NRX-A6 reactor.

1) initial:y the reactor power is at “source” level of a few milliwatts,
and the drums are at zero degrees, the pcsition corresponding to maximum psison.
lipon autostart command, the drums are programmed through critical.

2) At arcund one megawatt, power control is automatically selected and
power demand is progranmed.

3) When nozzle chamber temperature reaches 2000°R, temperature conirol
is selected and temperature is programmed to the full power hold.

4) Following full power operation, temperature demand is programmed
down to 2500°R at which point reactor control is terminated and the drums are
rotated to zero degrees.

(u) Facility Control System

(u) 4 brief description of the facility coolant and hvdraulic control systems
are given below. A description of the facilities was given previously in this
section of the report and only a discussion of the contrels s described herein.
A more detailed description may be found in neferences 8 and 10.

3-25



«ur Astionuciear

=/ Labatatory
{} Turbire Energy Source
(. Trhe turbine energy source (TES) vaporized and heated iiquid hydrogen

(Lt5; tled from the propellant line. The GH, produced by tne TES was used to

drive the turbine and pressurize LHZ Dewars T and 2. TES control consisted of
Lr~ flow contro! and hot water (used to heat the hydrogen) flow control. The

coritrol system for the TES could be operated in either the manual or automatic
cctrol mode from the cortrol point.

g Y

SO Jewar Pressurization

() The high pressure LHy cooldown Dewar 3, the two LHy run Dewars 1 and 2,
tne two low pressure LH, cooldown Dewars 4 and 5, and the three LHZ Dewars all

had automatic pressurization control, with follow-up amplifiers inccrporated so
ranual demands could follow measured parameters when this mode was nct being used.
E-ror meters allowed switching between wmodes with minimum transient effects. In
all cases, measured Dewar pressure was compared with demanded Dewar pressure
{manual or programmed) and the error converted to a valve position demand.

(L} t'ixing Chamber Control

() The mixing chamber was a device to mix controiled quantities ¢€ iLH,, from
the low pressure cooldown Dewars, and GHp to obtain nydrogen at a specified tem-
perature at the nozzle torus inlet. The valves involved in the controi system
were ¥-6, the vaive controlling LH, flow from the low pressure cocldown Dewars,
and G-3, the valve controlling GH, flow from tae tank farm.

) The desired flow and temperature was obtaired by demanding a total flow
rate from the mixinc chamber and a fiow rate ratio, which was gas flow rate over
total flow rate. By monitoring the resulting mixture temperature the ratio could
be manually changed to cbtain the desired temperature. The gas flow rate demand
was compared with a flow rate obtained from a pressure measured upstream of valve
G-3 (see Figure 3-7). The error then converted to a 5-3 position demand. The
remaining flow rate, the Li; flow rate demand, was compared with a flow rate
obtained from a pressure measured upstream of valve K-6 (see Figure 3-7). This
error was then converted to a K-6 position demand.

(L) Logic Sequence Control

(v) Logic sequence control was added to the Test Cell “C" control system in
order to simplify the checklists during contro! roum operations. This sequence
control reduced the number of operator actions required for operation. Opera-
tional use of any or ali of the logic sequerces available was left to the dis-
creticn of the Test tirector.

(L) The sequence could huve inciuded the operation of valves (opening or
closing) and waiting until a certain parameter, such as temperatJre or pressure,
reached a predetermined level. The number of sequential operations was limited
by tne number of relays (30) in the legic chassis. Different operations required
different numbers of relays, at least cne t2ing required for each cperation.
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(u) Any individu2! logic unit could be manually bypassed in the sequence.

The entire sequence could be stopped at any point. If the HOLD button was pushed
the operation ir progress would be completed then the sequence would hold. Ey
again pushing the HOLD buttor the sequeiice would continue. The UFF button could
aiso be pushed at any point in the sequence. The operation in progress would not
be completed and the segquence halted. To restart the sequence the ON and START
buttons would be pushed. The sequence would restart from the beginning but since
the valve operations weuld have already been completed (unless another operation
on the same valve appeared later in the sequence) the time to repeat the com-
pleted portion of the sequence would be much less than the first time.

(u) Logic sequences avaiiable at Test Cell “(" were:
1) LNy chill down
2) Mizing chamber initial chill
3) High pressure Cewar finai chill
4) Dewar pressurization

(u) Servo Hydraulic Valve System

(1) The system provided fluid power to the actuators of all servo actuated
hydraulic valvec as required for valve positioning.

(v) The system included twc identical hydraulic powsr units which operated

in parallel. Each unit consisted of an electric motor driven axial piston cump
and an o0il reservoir, both mounted on a common frame. The pump discharge of toth
units connected to a common header from which a transfer line connected to the
individual valve headers. Each valve header had connected to it one to five
hydraulic valves, and each valve header was provided with two or more accumulators.
Upstream of the accunulators in each header was a check valve which allowed
hydraulic fluid flow only in the direction of the hydraulic valves. The accumu-
lators provided several functions:

1) They provided assurance of continued vaive operability for a finite
time period should a fluid failure occur upstream of the header check valves.

2) They maintained the system hydraulic pressure at the instant of
hydraulic valve operation without the possible effect of momentary decrease of
pumped System pressure.

The valve header concept design provided continued valve operability in the Gther
header should a fluid failure occur in one header. The hydraulic valves were
assigned to individual headers so that ¢ loss of one header would not prevent an
alternate header from supplying reactor coolant flow.

(u; Each accumulator was of the blaider type, its capacity was 10 gallons and

it was rated at 3,000 psig. The accumulators were pre-pressurized prior to test
operations with GNp.
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(L) 011 to water coclers were installed in the return l!ine to each reservoir
to maintain 0il operating temperature. A bDypass line with a solenoid valre
installed allowed the 0il to bypass tnhe cooler and return directly to the reser-
voir. Tre two reservgirs were connected by a 3-inch iine to equalize their levels.
The capacity of each reservoir was ZJ0C gallons.

{v) The discharge pressure on 2ach pump was maintained at 2800 psig by means
of a pressure control valve located in a bypass line which discharged oil into
the 01l return line to the reservoir. [uring test operatign, both pump units
would be operating, in case of failure of one unit. Each unit was rated for

20 gpm, which was sufficient to fulfill normal flyid reguirements to the valve
actuators.

(L) 0BV {l'-CFF Block Valve) =ydrauiic Valve Syster
() This svstem finctions were to, (i} n-ovide fluid porer to the OBV

hydraulic valve actuators as required for valve positioning, and {(2) provide
fluid power to the hydraulic screws which provide an automatic disconnect of the
test car from the test celi. Fluid nower cculd also te applied to the hydraulic
pins which locked the test car to tre test cell.

(v) The system included an electric motor driven axial piston pump mounted
on an o1l reservoir. This unit was similar to the units which supplied fluid
power to the servo actuated valve. The pump discharge line connected to the
OEV (ON-OFF electric vaive)solenoid valves, groups of which were miunted in racks
at appropriste locations in the various areas of the test ceil. Each 08V valve
had associated with it an OEV solenoid valve which directed the flow of hydraulic
fluid to either the “open" or “"close" cyvlinder of tie 08V actuator. The numo dis-
charge pressure was maiatained at 2800 psig by means of a pressure control located
in a bypass line which discharged oii into the return line to the reservoir. The
pump was rated at 35 gpm. The hydraulic pressure in this branch line was reduced
to 1000 psig and then to 600 psig for firal service by two pressure control valves.
A relief valve set at 1100 psig was installed in this line downstream of the first
pressure control valve. An coil to water cooler was installed in the return line

. from the 0BV valve actua:iors to maintain 0il operating temperature. The capacity
of the reserveir was 260 gallons.

(u) An accumulator was installed on the common header upstream of the OEV's
which served the hydraulic actuated valves in the flow control room. The high
pressure room and tank farm hydraulic valves had a separate accumulator. Another
accumulator was installed on the separate header whick served the [ewar area
hydraulic valves. These accumuiators provided a surge volume of fluid to maintain
hydraulic pressure during the i-stant of hydraulic valve operation. They were not
regquired to provide for a finite time of vaive operation should a fluid failure
occur in the system, since it was not necessary to operate these valves during

a reactor coocldown operation.

(u) Control Drum Hydraulic System

(u) The tunction of this system was to provide power to the contrgl drum
actuators as required for control drum positioning.
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(u) The system included an electric motor driven vane type hydraulic pump
which obtained suction from an oil reservoir. The pump was rated at 10 gpm at
1,000 psig. The pump discharge supplied fluid to two manifolds located on the
test car. [Each manifold serviced six druss. €ach manifold had an oii supply and
0il return chamber. A supply and a return line from each manifold connected to
3 Moog electro-hydraulic servo valve which serviced one control drue actuator.
There were 12 Moog servo-valve systems to control fluid to each of the 12 control
drur actuators. The Noog servo-vaive directed flow to eitner the "0 or “180"
side of the actuator vane as required to move the drum; concurrently, oil flowed
back from the aopropriate side of the actuator vane through the approariate ports
of the Moog valve to the return chamber of the manifold and the 0il reservoir.

AR flow limiting orifice and check valve arr-angement was installed in the transfer

line to the 0 degree side (drive drums from O towards 180 degrees) of the actuator
vane. This arrangement,

1) Controlled the rate of supply flow to the O degree side of the
actuator vane to limit control drum movcment toward 180 degrees to a nominal
S0 degree/second.

2) Pervitted a maximum return flow rate through the parallel check
valve path from the 0 degree side of the actuator vane during movement of the
drum toward 0 degrees; thus allowiry the drums to travel at a maximum rate to
0 degrees during a scrum.

) An accumulator was connected to the supply Tine to each of the manifolds.
A check valve installed in the supply line upstream of each accumulator allowed
flow only in tne direction of the control drum actuators. Immediately downstream
of each accumulator 3 pressure transducer wa; connected to the supply line. It
orovided a signal which would cause a scram at 400 psig. Each accurwlator con-
tained sufficient fluid and pressure tc scram its respective bank of six drums.

(u) Pump discharge pressure was regulated at 700 psig by a pressure regulating
valve which dumped excess fluid back to the reservoir. This regulating valve aiso
served as a relief valve to prevent system overpressure which had a maxmum working
pressure of 1,000 psig.

) The return line to the reservoir contained an oil to weter cooler “or
maintaining oil operating temperature.

1)) FUNCTIONAL DESCRIPTiION OF TEST SYSTEM

(V) The basic operations of the reactor included pre-operational, startup,
power operation, decay heat removal or cooldown, and a post-run criticality test.
This section presents a brief description of these operations for the NRX-A6 full
power test. A more complete description is given in References 11, 12, and 13.
A schematic of the basic Test Cell “C" flow system is shown in Fiqure 3-7.

(V) The operating envelope and normal NRX-A6 operating line of the reactor is

shown in Figure 3-10. This envelope consisted of chamber pressure a5 the abscissa
and chamber temperature as the ordinate and includes flow rate and reactor power
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level as interseciing curvilinear axes and was based or reflector inlet erthalpy
and nozzle throat area of 300 Btu/lbm and 59.175 sauare in., res-czctively.

(L) Tre reactor consiraints are also shown i1 Figure 3-10. The tie rod exit
gas temperature limit (structura) limit) was det2rmined from stress considerztions
for the {ie-rod material; the maximum allowable chamber temperature limit was
deternined from the nozzle :ube cooling characteristics; the core pressure arop
1imit was based on fucl clustzr support block stress considerations and a safety
limit associated with hydrogen density in the core equivalent to increasing the
reactivity of the core by 1.00$ was chosen to complete the constraints.

(¥) Pre-Cperational Phase

) The pre-operational phase wgs initiated with the transfer of systems ani
valves tc Control Point (remote) coritrol. The 360 degree shield cooling water

was established and tne valves in tae Flow Control Room (FCR), and other areas

to be inerted were exercised. After the correction operation of the Smergency
Shutdown Chain was verified, the ianitial inerting of the test cell commenced and
the remaining valves were exercised. The control drums were unlocked and switched
to Control Point (remote) control, and the area was cleared of all personnel.

(v} following a routine gas and cryogenic fluids pressurization phase and
scram check phase, Jewars ! and 2 (see Figure 3-7) were pressurized to start

the system chill-down phase in preperation for the full power run. During chill-
down, iiquid flow was fro “ewars 1 and ¢ throuah Turbopump No. ¢ and out,

(1) valve L-209 to chiil the turbopump, (2) valve L-111 to chill the main pro-
pellant Yire to valve L-11, and (3, valve H-1C to chill the TES inlet. 4 13-
minute cryogenic soav was then iritiated. Turing the cryogenic sosk, t' LNp
systeq w-as chil'»d. Ffollowming th. c¢r,cgenic soak, a ..rbopump overspeed trip
check was performed and the Lol wate. sy:tem for the 1ES was set up.

(U} Startu~ Phase

(L) The startup phase was initiated with an automatic nuclear startup to a
power level of 10 nWd at which point the power control joop was closed. Upon
completion of line chilldown and Dewar 3 topping fill operations a 2 pounds per
second GH2 flow to the reactor was established, the helium purge terninated, and
the high pressure LH, cooldown Cewar 3 system valves switched to pressure control.
A reactor power level of 1 MW was then established in powe. control. Reactor con-
trol was then switched to power program, and main propellant line control valve
L-11 end LH; flow rate control switched to program control. A turbopump rpm bias
was then used (0 establish ¢50 rsig pump discharge pressure and to obtain TES
bootstrap.

(u) Run Phase (Power Qperition)

(u) On Test Sirector (TI) comrind, the Chief Tes* Operator (C70) switched
the programmers to run. Tre prograns utilized vere, (1) LHy flow, (2) valves
L-111 anag L-11 position, {3) Dewar 3 oressure, (4) reactor nower, and (5) nozzie
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chamber temperature. During the initial part of the run phase, program operatigns
accomplished the following:

1) Valve L-11 ramped open at 1.1 1b/sec2,

2) vaive L-111 closed,

3) Dewar 3 pressure ramped up at 2.6 psi/sec, 2

4) Reactor flow ramped up from 15 lb/sec at 1.1 1b/sec™, and

5) Reactor power increased to yield chamber temperature ramp of 50°K/sec.

(U} A7 the 40 1b/sec reactor flow program hold the programmers were auto-
matically switched to hol«d, and the CTO trimmed LH-» flow rata to 40 1b/sec at
BF-13, and chamber temperature to an indicated 2000°R.

(4) The CTO then switched from Program Power Control to Power Conirol and
then to Temnerature (ontroi with measured chamber temperature feedback. Wren
the gas accumulator was placed on line, valve H-75 was opened and valve H-70 was
closed. A negative step response measurement was then performed on the Tempere-
ture Loop. The operation of the power limiter was then verified by reducing the
powe= limiter setting until limiting had occurred. The power limiter was set un
for full power operation and bypassed in preparation for the ramp toc full powar.
After approximateiy 6.2 minutes at the 40 1b/sec hold, the CTC switched the pro-
grammer to run.

(u) At the 65.5 1b/sec reactor flow program hoid the programmers were auto-
maticaily switched to hoid, and chamber temperature imnediately trimmed down
100°R; approximateiy one minute later chamber temperature was trimmed down another
100°%; seventeen seconds later chamber temperature was trinmed down an additional
200°R, After sroroximately two min.tes at the 5.5 lb/sec hdid, tne CTQ switched
the programmer %o run.

(L) At the 71.3 1b/sec reector flow program hold the prograinmers were auto-
matically switched to hold and the 3600 second timer started. At the start of
the full power hold, chamber temperature was trirmed down 200°R to design condi-
tions. During the 69 minute fuil power hold, chamber temperature of {low wac
trimmed at the following times after start of the hold (2.7 minutes, aw = +0.5
1b/sec; 7.8 minutes, AT = +40°R; 35 minutes, AT, = +20°R; 50 minutes, AT. =
+10°R; and 53 minutes, AT = +60°R}. At the comp?etion of the full power hold,
the CTO switched the programmer to run. At 43 1b/sec on the ramp down from ful!
power, a shutdown was initiated from the CTO console.

(U) Cooldown

(U) At the initiation of reactor shutdown the liquid hydrogen high pressure

Dewar 3 came on line and flowed for approximately 77 seconds with a maximum flow
rate of 21 1b/sec. Dewars 4 and 5 came on-line and vaive K-6, in Flow Centrol,

was used to control LHy flow rate to maintair chamber temperature beluw 1,000°R.

(u) hpproximateiy 32 minutes after shutdown, the tank farm "maneuver" was
initiated: GHp Bottiws 3 through 7 were secured, the GHp header was depressurized
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to a pressure equal to that in Bottle 8, and Bottle 8 was opered to the GHp leader.
Valve K-6 was closed 36.9 minutes after -hutdown with valve G-3 in Flow Control,

iow pressure GHp was used tc purge LHp f:cm the K-system line through the reactor.
The GHp header pressure was ther increased by adding Bottles 2 thrcugh 7 tc HBottle 8.
GH; oling of the reactor was continied, maintain:ng chamber temperature at less
than 1,000°R and reactor tie rods below 1,200°R.

(u) GH, was stopped and LN, cooiing of the reactor (Maximuw flow rate = 24 1b/
sec) was initiated at 58.9 minutes after shutduown. When tie-rod temperatures were
450°R (65.5 minutes after shutdown), LN; flow was terminated. ‘he first L2 pulse
was initiated /1.5 minutes after shuitdown with the reacteor shed in-nlace and the
Filter Reactor Qutlet Gas (FRCG) fission product removal device engaged.

(u} Approximately three hours after shutdown, 2 minimum secure of the test
celi was completed. With the exception of LN; pulse couling, contrcl room opera-
tions were terminated. After 75.3 hours the last LN2 pulse was completed, as tie
roc temperature had stabilized at approximately 450°R.

(L) Past-Fun Criticality Test

(U) A post-run reactor criticaiity %est was performed. Lip and G, were used
to cool the reactor until reflector material and core iniet temperatures were
near ambient. The CT0 Manua’, Fixed Power, Fioating Power, and Feriod Scrams
were checked. With the reactor shed in-:lace and the FR(QG engaged, a reactor
powe~ ievel of 10 kW was established in Position Control. Reactor control was
then switched to power contral and after 1060 seconds in Power Control, Crum pcsi-
tions were recorded. A shutdown was then initiated frum the CT0 console. T2
FROG was then retracted and tne reactor shed withdrawvn. A veactor power of 10 ki
was established and drum rositinas recorded. A shutdown was initin-zd from the
CT0 console.

{L) REACTOR ASSEMBLY, CHECKOUT, TRANSFER, AND TESTING

(uv) The Reaztor/Pressure Vesse! Assembly (PVARA) was shipped by train from
Pittsburgh, Pennsylvania to Las Vega:, ievala, and by trailer truck from Las Vegas
to NRDS. During shipment, the reactor cnre contained €590 boron carbide !B4C)
poison wires to protect against inadvertent criticality.

(J) The NRX-A6 PVARA was received at the Engine rlaintenance, Assembly, Dis-
assembly (E-MAD) building cn 14 Octcter 1967. Mating of the test cell and test
car, and final pre-test preparations were corpleted by "3 November 1967. In gen-
eral, the assembly operations at the £-MAD Building and the mating and pre-test
prenaratisns at Test Cell "C" were accomplished as planned and without major
ditticul®y.

(u) Assembly operations at E-MAD included receipt, inspection, cneckout, and
installation or assembly of all test assembly components, coolent systems, and
instrumentation. The assembly operation zlso included flame spraying of all
instrumentation and leads on the exterior surface ¢f the pressure vcssel. Ver.pn-
eral ond central poison wires were removed during the assembly cperaticns ou E~-MAD.
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(u) The test car buildup had previously been completed in E-MAD, and the
installation ¢f the test article on the test car, instrumentation hookup. and
checkout proceeded as planned. The NRX-A6 utilized the T-7 test car. This test
car, veworked after use on NRX-A3, was structurally unchanged byt did incorporate
some madifications to adapt it to the facility. A center electrical coupler was
used for thz first ti~ to connezt reactor instrumentaticn and contrel wiring to
test cell recorders an. .plifiers through a remote disconnect plug in the test
cell pad. A shield annulus purge system procvided gasecus nitrogen purge flows of

5 and 1C 1b/sec to the area between the test articiz and the Phoebus IB 360 degree
shield. The GNo purge gas flowing between the test articie and the shieid insured
ar inert atmosphere and was kept at a <light positive pressure through the use of

a thin stainless steel impedance collar attached to the shield near the nozzle torus
level. The 360 degree shield, constructed in two remotely separable halves to pro-
vide radiation protecticn for the test cell has been previously described in this
section of tre report.

(L) A contiauous purge of the NRX-A6 reactor was maintained during reactor
snipment and throughcut the assemblv operations, and p:ior to testing in Test Cell
“C" to preclude possible fuel element hydrolysis. The purge gas utilized was dry,
cnlorine free 3ir during shipment and assembly operations and dry, chlorine free
helium in Tesi Cell “U". The detailed purge requirements are given ir Reference 14.

g} Pre-test operations are discussed in detail in Reference 15. The NRX-A6
test series was conducted between 21 November 1967 and 15 December 1967, inclusive,
and consisted of three {3) experimental plans (EP's). The individual tests were
designed to mzet the requirements of the #RX-A6 Test Specification (Reference 11).
tach experimental plan is described in Section 4 of this report, and detailed
results of the cests are described in Sectiorn 5.

{u) Tre test assembly was retrieved from Test Cell “C* fcllowing the full power
endurance test and transporied to the Reactor Maintenance, Assembly, Disassembly
(R-MAD) Building for diszassembly. Disassembly was accomplished in the R-MAD not
d.sassembly bay and the ron-nuciear hardware transferred to E-MAD for post-
operative examination. The core was disassembled in the R-MAD core disassembly
balcony ana the fuel processed through the R-MAD fuel element processing system.

(U} ne fuel post-operative examination was accomplished in both R-MAD and
“-MAD hot cells. All instrumentaticn post run calibration, metallography, and
ron-nuciear nardware examination was performed at E-MAD. A1l radiochemistry,
gamma scanving, anc whole element weiching was performed at R-MAD. De iled
=esults are discussed in Section 5.
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SECTION 4
{U) TeST DESCRIPTIONS

{u) The NRX-AD Test Series was, cperationally, the least compiicated of any
cf the NRX <ests perfcrmed to cate. The entire test series was aired at one
primary objeztive: to operate the NRX-AE reactor at or above rated charder tem-
perature and pressure for 60 consecutive rinutes. 7o achieve this objective, all
other phases sf the series were limited to trose tests necessary to check Gut anc’
or calibrate iastrument controi and safety cystems anc¢ to confirr operating pro-
cedures. The s»condary, or experimenta: ctlectives of tnhe ARi-af test _eries are

listed in Table 4-1.

(u: The test serfes, as originally pianned, consisted of 3 Experimerntal Plans
(EP'<}; EP-1 to achieve initial criticality, check cortrol drum worth, calibrate
the neutronic instrumentation, etc.; EP-]1 to check the perforwance of all systems;
and EP-I11, the powe~ test. Except for an inadvertent shutcdown which occurred

cr. the startup of EP-1I1, the entire series would have been commleted in two test
days, Zi November and & December 1967. Due tc true shutdown, nowever, EP-111 was
rescheduied as EF-I1IA and run on 15 December 1967.

(u) The reactor operated at a chamber temperature cf 4100°R or greater anag
thermal power of 1100 MW or greater fov 6C minutes. A summary of the tests cer-
srmed dyring NRX-AS 1s shuwn in Table 4-2, and the power integral summary cf

che individual EF's is shown in Table 4-3. The followinc sections describe eacn

experimental glan, and the facility checkout tests perfcrmed prior tu the experi-

mental plans. for a more detailed descrigtion of each experimenta! plan and the
facility checkout tests see References 1z, 1€, 17, 1&, 19, z{, and 21.

{u) FACILITY CHECKCUT TESTS

(V) A series of Facility Checkout Tests (rtP's) were ccnducted at Test lei!
“C" during September and October 1967. The purpose of these tests was to insure
that the test facility was in the proper coadition for conducting the upcoming
reactor tes. program.

W Some of the specific objectives of the Facility Caeckout test series were
as foliows:

i) To determine the adeauacy of the Emergency Cooldown System (includ-
ing the newly installed gas accumulator) to protect the reactor from malfunctions
iz the propellant feed system.

2) To establish proper cperating techniques for the Emergency Cooldown
System to insure satisfactory operation.

3) 7o experimentally determine proper control valve demand proriles
for smootk and reproducible propellant feed system startup.

4} Tc check out the feed system controllers.
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TABLE 4-}
(U) TEST OBJECTIVES

Frimary (Operational) Objective

Endurance was the prime operational objective for NRX-A6. The reactor

was to be operated at rated conditions to a predetermined loss of reactivity, or
for a time of €0 minutes.

Secondary (Experimental) Objectives

1) Evaluation of the effects, of rated conditions duration testing,

in fulfiliment of the prime objective, cn the structural integrity of the test
assembly.

2) tvaluation of the capability of experimental fuel elements to with-
stand the effects of rated conditions duration testing.

3) tvaluation of the performance of NRX-A6 design changes and hard-
ware modifications.

)

) Experimental evaluaticn of the effects of an aft-supported reactor
on the pressure vessel and nozzle.

5) Evaluation of the nuclear performance of the tast article.

6) Evaluation of the thermal and fluid flow performance of the test

7) Further evaluation of the performance of the control instrumeniaticn.
i Evalvation of the performance of improved resistance temperature
transducers, accelerometers and a control pressure transducer for use on future
test progrems.

S) Further evaiuation of the performance of the NRX control systems.

10; To obtain accurate evaiuation of the decay heat after extended
ocperation at rated conditions.
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TABLE 4-2

(J) SUMMARY OF TESTS PERFORMED DURING MRX-A6 TEST SERIES

Date
21 November 1967

6 December 1967

7 December 1967

8 December 1967

14 December 1967

15 December 1967

1)

3)
4)
5)
6)

1)
2)

1)

2)

1

2)

1)

Title and Accomplishments

Initial Criticality
Irradiated neutronic calitration devices and

performed freguenc: response measurements o
power controi loop during this hold.

Performec LN2 and GNZ flow tests

Control drum worth measurements
Low power dosimetry irradiation
360 degree facility shield worth measurements

Fer formed reactor scram checks

Exercised all valves and systems to check for
any system interaction

Planned full power test initiated, but
unplanned shutdown occurred after approxi-
mateiy 80 seccnds at the 40 pounds per second
hold.

Verified satisfactcry reactor operation at
40 pounds per second and 2150°R chamber

temperature.

Corrected anomaly which caused unplanred
shutdown on previous day.

Planned tc perform full power test but did
not run due to untavorable metecrological
conditions.

Planned t¢c oerform full power test, but did
not run due to problems in setup of hot water
system and unfavorable meteorological condi-
tions.

Performed planned full power durction test.

Operated at a chamber temperature of 410C°R
or yreater for o2 minutes and thermal power

of 1120 % or areater for 60.4 minutes.

4-3
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TABLE 4-3
(U) NRX-A6 POWER INTEGRAL SUMMARY
34 Date Hatt-sec“;'
I 21 November 1967 2.75 x 108 (2)
1 6 Decesber 1967 2.65 x 100 (2)
11 7 December 1967 2.81 x 1'% (2)
11 8 December 1967 5.67 x 10° {2)
11 14 December 1967 4.68 x 10° (2)
11IA 15 December 1967 4.46 x 10'2 (2). (3)
Past Test Critical 19 December 1967 3.9 x 10 (2)
Total, NRX-AS 4.49 x 102 (2)
Total, NRX-A5 2.2 x 101 (a)
Total, NRX/EST 3.68 x 10'2 (a)
Total, NRX-A3 1.8 x 10'2 (a)
Total, NRX-A2 0.38 x 10'€ (a)

(1) A1l power integrals for low powe:r operation after EP-1 were <orrected to
accuunt fer the anticipated 15 percent shift in sensitiivity due to the cold-
to-hot swing for full power operation.

(2) Power iniegrals based on neutronic wire (gold) calibration of EP-I1.
_(3) Calculated thermal power integral: 4.47 x 10'% yatt-sec.

(4) Calculated thermai power integral.

4-4
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(u) As a result of the Facility Checkout Tests, several changes were made to
the facility.

1} Backflow into the gis accumulator caused unacceptably low tempera-
wures. An unused vent line was blarnked off to minimize leakage from the accumu-
lator.

2) The turbopurp specific speed setting was increased from 950 to 120C
to 1mprove the stall margin during emergency shutdown.

3) fosition derarid profiles for propellant valves L-il and L-111 were
modified. The resylt was a flow profile during the power test startup which was
very smooth and close to the predictions which were based upon FEP results.

4) The turbopump suecific speed controller was moaified slightly to
eliminate a sustained flow oscillation noted at lom flow rates.

(u) A rore detailed discussion of tne Facility Checkout tests may be found in
References 19, 20, and 21.

(v) EP-1 - INITIAL CRITICALITY, FLOW TESTS, NEUTRONIC CALIBRATION, LOW PCHER
DOSIMETRY, ANC CONTROL ORUM AND SHIELD WORTH MEASUREMENTS

) txperinental Flan I of the NRX-A6 Test Series was conducted on 21 Novem-
ber Y9€7, at Test Cell “C". The specific objectives of this experimental plan
were as follows:

1) Yo Getermine the cold critical drum pasition of the reactor with
the vertical shield in place and with borated water flow.

2) Tc verify the operation of the zontrol drums scrar system.

3) To operate the reactor at low power for irradiating the in-core gold
wire and sulphur sarmples for calibrating the neutronics power System.

4) Te measure the frequency response gf the reactor power control and
drums position control systems.

3) To perform control drum irntecral and control bank differentiai
reactivity worth tests.

5) Tc perform automatic reacter startups.

7) To evaluate the structural integrity of the progeilant lire  ‘nal
mateup connections and of the reactor reflector system.

8) To checkout and evaiuate the flow performance of thc reactor and tc
verify the pressure and tewperature instrumentation with gaseous and !Iquid nitro-
gen tlow.

9) To determine the reactivity werth of the reactor vertical shield
system.

10} To compiete final checkout of the FRGG, “Elephant™ Gun, JATQ, and
side-by-side preumatic control drum actuator and experimental transducer s stems.
11} To irradiate dosimetry with the reactor at low power.

(u) A1l of the above objectives were successfuliy achieved during Experimental
Plan 1.
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(v} Initial criticality of NRX-A6 was attained with an average control drum
position at delayed critical (84c) of approximately 97.3 degrees. This @4c is
applicable when the vertical s*ield is in piace and with borated water flow. The
scram check phase following initial criticality was performed with no anomalies.

(U} Frequency response measurements were performed on the Power COngro] Loop
and the Drums Position Control system. Evaluetion of the measurements indicated
that the operation of both systerms was saticfactory.

(V) The calibration run was performed at a nominal 10 kW to irraciate in-core
gold wires and nozzle mounted sulphur samples. The results of this run were used
to establish the power calibration fac.~~ which was applied to the appropriate
neutronics channels.

{u) Temperature stimulus of NRX-A6 temperature instrumentation was provided
during the LNy flow test, and the low power dosimetry irradiation of approximately
150 kM-hr.

(u; The following reac.ivity wortk measurements were perfcrmed: (1) Integral
worth of Control Orunz Z and 8; (2) Different:al worth of tha control drum barnk;

(3) Worth of the reactor vertical shield system without borated water in its open
and closed position.

(u) During the LNy flow test, the FROG was mateu "0 the NRX-A6 nozzle. No
anomalies were noted in the FROG performances; the operccion of mating the FROG
to NRX-A6 was performed successfully in CP control.

(L) A more detailed discussion of this EP may be found in Reference 16.
(u) EP-II SCRAM CHECXS AND SYSTEM INTERACTION CHECKOUT TESTS

(u) Exgerimental Plan Il of the NRX-A6 Test Series was conducted on 6 Decem-
ber 1967 at Test Cell "C". The specific objectives of this experimental plan
were as follows:

1) To operate all systems and subsystems to verify their performance
and to check for system interaction.

2} To provide a coordination run for all Control Room Operators and
associated personnel in preparation for the Full Power Run.

(u) All of the above objectives were successtully achieved during Experimental
Plen 1I.
(u) dith the reactor power level at 10 kW, all valves and systems to be

operated during the Full Power Hold were exercised to determine possible system
interactions. One interaction, which was not unexpected, was verified; when the
fars and louvers were cperated 1n the “penthouse® (where neutronics instrumenta-
tion is located) a reactor scram occurred. No other system interactions were
observed.
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(u) During this EP the following ccram checks were successfully performed at
the indicated power levels:

) CTO Manual Scram, all drums withdrawn approximately 20 degrees
) Fixed Power Scram at 1 ki

) Power Scram Trim at 500 Watts

) Floating Power Scram at 500 Watts

) Period Scram at 500 Watts

) Program Power Scram at 2 mw

7) Minimum Drum Position Scram at 6 = 30 degrees

AU B W -

{(u) A more detailed discussion of the conduct of this EP may be found in
Reference 17.

(u) EP-II1 - FULL POWER RUN
(u) The specific objectives of this experimental plan were as follows:

1) To evaluate the effects of Full Puwer Testing for €0 minutes on the
structural integrity of the test assembly.

2) To evaluate the performance of experimental! *“uel elements under the
effects of Full Power Duration Testing.

3) To evaluate the performance of the NRX-A6 test assembly design
changes.

4) To evaluate the nuclear and mechanical performance of the entire
test assembly.

5) To obtain data to be used in evaluating the performance of several
side-by-side experiments.

(u) Erforts to achieve the objectives of Experimental Plan II] were made on
three oc.asions: (1) Following Experimental Plan II on & December; (2) 7 Decem-
ber; and (3) 8 December 1967. On S December, operational problems combined with

a time-of-day limitation on operation at full power were responsible for postpere-
ment of operation until the next day. On 7 December, the programmed Full Power
Run was initiated; however, after approximately 75 seconds at the 40 1b/sec hold,
a shutdown occurred. Control Room Operations were suspended for the day to inves-
tigate further the cause of the shutdowr and to effect necessary repairs. On

8 December, the preliminary phases ot Zontrol Room Operations were primarily
associated with verification of the "rix" of the cause of the shutdown of the
previous day. Following a lengthy weather hold, operations for the Full Power

Run were suspended at midday due to predictions of continuing unfavorabie meteoro-
logical conditions.

(U) Although none of the primary ¢ jectives of Experimental Plan IIl were
achieved, the 75-second hold at 40 1b/sec on 7 December 1967, provided a useful
bench-mark to evaluate the operation of the reactor and the facility. An exten-
sive data analysis effort showed that reactor tenpeiatures, pressures and dif-
ferential pressures were, in general, quite satisfactory at the 40 1b/sec hold
with the reactor at a power level of 301 MW. One major probler: in facility
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operation was that the Specific Speed at the 40 1b/sec hold was 1300 instead of
the desired 1200. This problem was analyzed and corrected prior to the initiation
of EP-IIIA.

() A more detailed discussion of this EP may be found in Reference 17.
(u) EP-IIIA - FULL PONER QURATION TEST

(V) Experimental Plan 111 of the NRX-A6 Test Series was redefinec as EP-IIIA
and conducted on 15 December 1967, at Test Cell “C". The specific objectives of
this experimental plan were the same as EP-I.I and weve as follows:

1) To evaluate the effects of full Power Testing for 60 minutes on the
structural integrity of the test assembly.

2) To evaluate experimental fuel elements under the effects of Full
Powar Duration Testing.

3) To evaluate the performance oi the NRK-A6 test assembly design
changes.

4) To evaluate the nuclear and mechanical performance of the entire
test assembly.

5) To obtain data to be used in evaluating the performance of several
side-by-side experiments.

(U) A1l of the above objectives were successfully achieved on 15 December
following postponements due to adverse weather conditions on 13 December, anc a
combination of facility operational problems and adveirse weather conditions o
14 December 1967.

() Tne auration of the Full Power Holq was over tY minutes: tne nower inteqrai

was approximateiy 4.5 x 1012 yatt-seconds. Nominal operating conditions during
the Full Power Hole w2re as follows:

Thermai Pouwer 1,130 MW
Neutrcnic Yower 1,250 MW
Nozzle Chawber °ressure 583 psia
Nozzle Chamber emperature 4,140°R

Flow Pate {BF-13, Fiqure 4-1) 72.0 1b/sec

(L) keactor performince parameters during the test run and the performance
operating map are shown i Figures 4-1 and 4-2, respectively.

{u) Controt drum pusition near the start of the Full Power Hold was 104.5
degrees; at the conclusior of the hold, the indicated drum position was 115.4
d2yrees. Control drum position near ambient temperature, as determined on the
post-run criticality test, was 100.9 degrees; control drum position prior to the
Full Power Run was 95.5 degrees.

4-8



Astronuclear
Laboratory

®

INIL WOOY TOYINOD

3(1404d duL| uny 433duarq ‘YII1-¢3 ‘3SBL JBMO4 [IN4 9¥-XuN (N)

"L-y dunb 4

10AG4 TORINY] POISTNITE) Y

¢iMuiedBal JIQEIY) eI

{

Puien) Jonnd TOMIM] Lo3ndmop -
‘May ‘aanseaud Jaquey) -

ney oY 1nemy - £1-8
*PAV ‘eumedadeal tequey) -

2
L3

Pay rameees

MOd 11

PR

G

gt -Al
9eT-AL

enl-AL

e .

Vo

1visd 8

+'535/87 €. -39

¥-53DIQ Zri-AlL

PRPEeN
booroven-

74

c€1-439

«e-N

0oL

00¢

00t

0oy

005

009

004

851-Al

rAZS

4-9



Astronuciear
Labaratory

) The operation of all cooldown systems following the planned shutdown at

43 1b/sec was satisfactory. LN» pulse cooling was terminated on 18 December.

For the post-run criticality test on 19 December, GNy was used to cool the reactor
to near ambient temperature. The NRX Test Assembly was disconrected on 20 Decem-
be: and transferred to the R-MAD Building.

{L) A more detailed discussion of this EP may be found in Reference 18.
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SECTION 5
(CRD) TEST RESULTS (i)
(CRD)  TRANSIENT AND STEADY-STATE PERFORMANCE ANALYSIS (U]

(CRD)  Reactor System Performance (U)

{CRD) This section summariz.; the detailed thermal and corrosion ana‘'ysis of

the NRX-A6 power tast. A more complete discussion is presentzd *, Reference 22.
The NRX-AS test was extremely succe- ful and exceeded its test ocjectives. The
total run time of 62 minutes above a chamber temperature of &°L0°R* more than
doubled the full power and temperature encurance of previcus reactors with sig-
nificantly less corrosion. A 4100°R chamber temperature corresponds to an average
fuel exit gas temperatuce of 4335°R.

(U; A summary of majer reactor perfcrmance conditicns of the NRX-AZ through

A6 tests is given in Table 5-1. Included are, (a) total run times within 2ifferent
chamber tempercture intervais, (b} equivalent full power radiation, (cj maximum
flow rate and power, {d) number of startup and shutdown cycles, (e) maximum ramp
rates, and {f) total reactivity loss.

(V) The NRX-A6 test was of particular sicnificance since it demonstrated the
endurance capability of the NRX-A€ reactor.

(CRD)-  Lperating Conditions (U)

(V) EP-ITIA time profiles of nozzle chamber temperature, flow rate, nozzle
chamber pressure, and control drum posi*ion arc shawn on Figure 5-1. All para-
meters with the exception ¢. control drum bank position are redarly constant through-
out the full power hold. The tctal cortrol drum roll out of 11 deqrees durina the
full power hold was significantly less than predicted. Foints A thrcugh U indi-
cate times at which best estimated caiculations and state point comnarisons with
precictions are presented in the following two sections.

(CRD) A summary of major NRX-A6 operating conditions is given in Table §-2.
NRX-A6 operated for 62 minut' 3 above a chamber temperature of 4100°R [desiqn tem-
perature was 409G°R) which is more than twice the endurance of any previous NRX
reactor. Peak chamber temperature cenditions of 4330°R which correspond to 4600°R
average fuel exit temperature and 1192 MW thermal power exis.ed for approximately
30 seconds at the start of the full power hold.

*
Note: In this section, chamber temperature is defined as the mixed mean tem-
perature immediately downstream of the cure exit.
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{(CRID) MAIGR “RA-AE CPERATING CONDITIONS {7

Time Xithin Terperature
Tnterval (Minutes'

Temparature Range ("R} Chaher Terrerature Zverage fue! Exit Terrerat.rs
+00G-4:88 C.¢ C.1
3100-420C £4.6 l c.!
+20C-430C €.6 ) € Cc.7
£300-440C C.€ , 4.3
L30C-4308 C 2C.C) €2
2500-4600 c e-:;
Thermal Power Range (¥’ Time aith’r Power Raroe Interval  Vinutes,
10001100 2.3
MIGC-126¢ 6C.4
Desigr Naximer Attained Juring Test
Cnamber Temperature ( 'k, 408C 4333
Fucl Exit Temperature ("R} £325 4600
Thernal Power (M) 1120 1199
Time at Design Tem-
pverature (min) 60 62
Integrated Thermal Power 1
(watt-sec) 4.5 x 1€
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(u) Best Estimates of Flow Rate, Chamber Temperature, and Power

(u) Best estimates of reactor flow rate, chamber temcerature, and thermal power
were computec at 24 stead; state times during EP-[IIA. These calculations were
performed with the most accurate procedures and the best available data. Normal-
1zed digital data a: =0 samples per second averaged cver 5 second time intervals
(200 points! with pressure and pressutf drog measurements corrected for offsets
determiried at zero ‘low were used for the calculations. The results of these cal-
culaticns were usec to define the operating conditions of NRX-AE and for input to
the detaiied thermal calculations presented in Reference 22.

(v) Table -3 summarizes the results with three siome uncertainties for four
steady state times during EP-I1IIA. Nozzle chamber temperature was calculated three
ways: (1) bised on the flow weighted average fuel exit 3as temperature measure-
ments, (2] based on the station 26 core temperature and {3] based on tie nozie
equation using flow rate and average measured chamber rressure. The best esti-
mated chamber temperature is the weighted average of these thrae chamber temper-
atures with each calculated tesperature weightsd 2ccording to 1ts uncertainty.

Tne calculation procedure is descrived in det2il in Reference 22, Appeadix B.

(CRC) Steady State and Transient Comparisons with Predictions {(U)

(u) Steady siate and transient comparisons between test data and TNT pre-test
calculation results are presented in this sectiovn. One of the major uses of the
INT (Thermal and Nuc’ear Transient) program is for pre-test predictions. Therefore,
comparisons with test data are esserntial! to verify the accuracy cf the TNT program
ang to indicate possible areas of improvement.

(u) Steady state comparisons for the four times indicated by letters A through

D on Figure 5-! are given in Table 5-4. The TNT pre-test preiiction for the planned
flow rate, power and chamber temperature profiles are compare ‘th the data. The
planned profiies were closely duplicated during the first &0 nds of startup

and shutdown prior to scram. The second part of the startup w. <conducted at higher
than planned chamber temporatures because the chamber terperature measurements
which were used for control 4id not read tne true chamber temperature. At the
planned 3700°R hold the actual chamber temperature was 3250°R. The differences
between the plasncd and actual profiles are shown on Figures 5-2 througn 5-8. The
lower than oredicted reflector pressure drop was the result of greater than expected
flow through the reflector/pressure vessel annulus, lower than predicted reflector
inlet plenun temperature. and lower reflector heating. Also, following scram the
flow rate was higher than predicted.

(v) The comparisons between TNT nre-test calculation results and test measure-
ments are excellent when thr differences between the planned and actual! test profiles

are considered. Detailed parameier compirisons for all phases cof EP-111A are pre-
sented in Reference 22.

(THIW}\GE IS UNCLASSIFIED)
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(CRD}  Corz Thermal Performance {(U)

(v) The -cre operated at or above “esign temperatures for 6¢ minutes and me:
the endurance objective of 63 minutes with only an 11 cegree drum rollout. Post-
test calculated data ccmpared with test data show~d good agreerent. The toilow-
ing is a brie® suary of tne detailec core thermal znalysis. A mere detailec
discussion may be found in Reference c¢&.

{CRD) Figure 5-Y shows a radial profile of the maximum measured tempe-atures
during EP-11IA based on the station 44 thermai caosules. The ..erm=" capsule
measurements indicate the highest temperature reached during power «peration. The
peak central region temperatures of 5000°R occurred during tha power peak at the
start of the run (approximately 14300 seconds cortrol room timej. PFost-test cal-
cuiacions indicated that the peak peripheral temperatures of 4700°R probtatly ac-
curred both at this power peak and aiso at the end of tne full power hold. The
calculated centra; nd fueled element axial temnerature profiles fcr ine core
central region at ihe powar nz2ak and for tne perioheral regicr a2t the end of the
full oower ho’d are shown on Figures 5-10 and 5-11 respectively. Central elemgnt
temperature measurements with thermoc  2les and thermal capsules and fueied exit
ga- temperature measurements are alsc shown. The comparisen between calculatices
ana measurements is very good.

{v) Fuel exit gas thermocouples which were used fur the first time .eorpectly
measured fuel exit gas temperatures. Measured temperatures agreed well with cal-
culaticns and were generally consistent with measurements 2t other core statians.
Measured fuel exit temperatures were therefore used in the sest estimate of the
nozzle chamber temperature.

(V) Comparisons between calculatad and measured fuel axit and station 26 un-
fucled element radial temperzture profiies near the start of the fuil puwwer ho.c
are shown 9n Figure 5-12. The measured core irlet conditions ard corrected post-
test power factors, average in ' inch radial increments, -erg used Tor the ceicu-
lation. Again, the comparison is very good. Probably wosi ¢ the scutter is
caused by uncertainties in predicting tne power generation, co' e inlet remperature
and tolerance in each individual fuel elemer:. The calculated maximum station 26
fuel temperature is also shown in the figure.

(CRG)  Radial temperature p-ofiles of fuel exit, station 26, station 20 anc tiv
rod material at the start and end of the full power ho:d are shown on Figures 5-13
and 5-14. The multiple regression curve fits with three sigma urcertainty bands
are shown for =ach parameter. A{ the start of the fu:1} power hold the fuel axit
gas temoerature was 20G°R cooler at radius 12-16 iitches than at tae Zen'.r oY the
cere. The multiple regrassion analysis indicated « fla* radial temper *ure :=pfile
at the end of the full power hold.

GldiNbiR Rl
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(CRD) The measured core pressure drop was from (.5 to 5.5 percent lower than
post test calcuiations using the pre-test models at full power. Table 5-5 compares
the measured and calculated core pressure drops at full power for NRX/EST, NRX-A5,
and NRX-A€. The deviation between calculated and measurec pressure drops was
smaller for NRX-A6 than for the previous reactors. This is actributed to an im-
provement in the friction factor correlation used in the calculation for the NRX-Ab
core. The increasing difference with run time is probably due to an increase in
the average effective air impedance diameter caused by loss of excess molybdenum
overcoating and by carrcsion.

(CRD) lateral Suoport, Reflector, and Suppnrt Plate Thermal and Fluid Flow
Performance (U)

(u) This section summarizes the thermal and fluid flow performance of the
lateral support system, reflector system, and core support plate during tne EP-IIIA
power test, including comparison with analysis. A more detailed analysis may be
found in Referenc 22. All components performed satisfactorily during the test
series and met al . functional objectives. Test data were generally in very gcod
agreement with pr=dictions. However, two deviations from orediction were found,
{1) a reflector dressure drop noticeably lower than pre-test predictions, and

(2) at disassemt ly the beryllium reflector was observed to be cracked. The Tower
than predicted r--flector pressure drop was accourted for in the post-test calcu-
latiors by inclision of experimental conditions including the reduced effective
flow impedance of the locating cone. The locating cone provides the principal
impedance to coolant flow in the reflector-pressure vesse: aovulus. The cracks
which vere observed in the beryllium refiector at disassemcly did not impair the
NRA-A6 reactor operation.

(CRD) Lateral Suoport System (U)

(CkD) The performance ot :he lateral support system was excellent. At the start
of the EP-IIIA full power hold the seal chambder cn.iant a<ial pressure and tem-
perature dictribution was in excellent agreement wyth predictions. A comparison of
the pre-test predicted and measured normalized lateral cuppori seai system pressure
distributions at this time is shown or Figure 5-15. At tae end of the full power
hold the axial pressure profile was only slightly lower in the core mid-plane region
than at the start. This was attrilited to slight edgc corrasion of the pyrograph:te
insulating tiles and local wrapper corrasion which increased the seal bypass flow
approximately 5 percent by the end of the full power hold. The degradation of the
lateral suppnort system performance was significantly less after 60 minutes of full
pcwer operation than had been observed on pricr NRX reactor. operating for 30 .-
utes or less. No corrosion was noted in the seal seoments.

(Lt Re 13- tor Pressure Drop

~ " pzasvured reflector pressure drep ot the start of EP-IIIA full
N io $.2 pst. This was lower than the pre-test prediction. In-
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clusion of the approximately 10°R lower than predicted reflector iniet temperature,
approximately 18 percent lower thar predicted start of life heating and correction
for the flow distribution to the pressure vessel/reflector annulus frain measured
pressures yielded a calculated pressure drop of 18 psi. This agreement between
analytical model and measured data is considered good since the NRX-A6 retlector
represented a major change from all previous NRX reactors.

W) Component Temperatures

(V) The measured temperatures in the beryllium reflector at full power condi-
tions chown in Table 5-6 were generally within the pre-test prediction urcertainties.
However, the measured inner web iemperatures were higher than r-edicted. Post-test
calculations of the reflector material temperatures are in good agree.ent with the
measured test data.

(V) A detailed analysis of the reflector cracks which were observ2d during dis-
assembly may be found ir Reference 22. The data gives evidence that many of the
cracks were formed approximately two minutes before the end of the full power hold
and affected the seal flow very slightly. This did not affect the (un~tional oer-
formaence of the reflector or the reactor. These cracks are attributed tc excessive
thermal stress at the end of the full power hold relative to the strergth of irrad-
iated beryllium.

(V) The measured rontrol drum axial temperature distribution at full power con-
ditions is in good agreement witn pre-test predictions. Tamperatures in tne core
support nlate were in very good agreement with analysis. There was a slight increase
in the core support plate material temperature as the ful. power test progressed.
This effect was erpected and i- due to the increased component heating and the in-
crease in temperature of the coolant c¢oming from tue reflector and simuiated shield
with run time.

(CRD) <Corrosion (U)

(CRD) The corrosion performance of the fuel elements represented a jramatic im-
provement over the NRX/EST and NRX-A5 elements even though NRXx-A€ operated twice as
long at full power ccnditions. This is best i1lustrated by the foilowing comparison
of key parameters:

NRX-A6 A MRX/EST
Averaje oaverall element
weight loss (gm/element) 11* z7 32
Average pinholing
(pinholes/e’ement) s 10 21
Average channel exposure
(inches/element) .3 19 22

Net reaccivity loss
(dollars) G.7 2

* Corrected for average molybdenum overcoat losc ~f *wn grams;eienent.
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The radiai distribution of overail weight loss is compared with NRX/EST and NRX-A5
resuits on Figure 5-16. This figure illustrates the =uch lower weight loss and
more consistent corrosion behavior than was the case for the earlier NRX reactors.

(CRD)  Radial distributions of overall and bore weig~t lcsses are shown in Fig-
ure 5-17. The overall weight loss represents the dirference between the ore and
post test weights. Two different procedures were used to estimate surface weight
1css for the fuel elements. By the VESL visual examination procedure this 10ss
was estimated to be 0.8 grams per element. 3y the SLEDS mechanical measv-ement
system, the estimate was 1 to 4 grams per element depending on data inter. -etation.
The actual average surface corrosion was estimated to be near 1 gram per eiement.
The typical fuel element external corrosion Sccurred in a patte-n of shallow cor-
rosion «n a bana between 17 and 25 inches followed by a carbon deposition and a
second band of element corvosion anc/or shrinkage aft of 35 inches. For compari-
son, the average estimated surface weight loss was between 4.5 and 9 grams per
element for NRX/EST and NRX A5. The average bore weight loss on Figure 5-17 was
obtained by subtracting the estimated surface weight loss and molybderum over coat
loss (approximately two grams/element) from i%ie overall weight loss. The axial
profile of average bore weigiht loss for 5 inch increments is shown in Figure 5-18.
The weight loss per element is very small from 0 to U incnes; and therefore in-

creases aporoximately linearly to a value of 2.2 grams per 5 inches at the aft
erd.

(CRD) Corrosion "n-tching" occurred on 22 J row peripheral 2t{ements. This loca.
external cocrrosion occurred on the outermost edge of these elerents, sometimes
deep enough tr. reach the corner bire, beginning at atout station 20 and occurring
every inch or so. The corrosion could be due to local coating cracks, the high
bore to external pressure difference near the core periphery, or corrosion in
thermal stress induced element matrix cracks.

(CRD)  The non-fueled peripheral components, pyrngraphite Liles, yvrnfoil wrapper,
and filler strips, nerformed adequately. However, the inner surface of the pyro-
fnil wrapper and some of the radial filler strip surfsc:, corroded more than ex-
pected, probably bucause the filler strips did not arrange themselves with uniform
gaps but unevenly with occacional wide gaps. Furthemmore, the notch corrosion of
the peripheral elements provided in unexnezted source 2f fresk  irogen ir this
local peripneral region.

(CRD) The plar to study the effects of fuei element matrix, bere coating, and
bore overcoat source in the production reactor :lements yielded two significant
results. FKlements with a WMCO niobium carbide coating clearly showed less pin-
holing (average of 2 pinholes per elemert) than elemer*s with Y-12 NbC bore coat-
ing (7.5 to 9 pinholes per element). However, these results implying a difference
in bore corrosion porformance for elements from the two coating sources, are
c¢louded by the fact thai post test gross ionizaticn measurements indicate WNCO
coe-ed elerenis operated at a one percent ioweir power generation rate. This is
equivalant to a 40°F lower temperature.

“BONEDENM:
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(CRD)  The WRY-% quality control (QJC! furmace testing was successful in screen-
ingy element batches whicn would act nerform adeguately in the power test. Moreover,
the ranking of element types as ceduced from the furnace testing agrees well, though
not exactly, with the ranking tased or the reacior test data. The furnace testing,
however, failed to setect hot end ninhcling tendencies, probably due tc the furmace
conditior cf externa] heliwm pressure teing higher than bore pres:.re cver the aft
pertion of the elements.

(CRE} The rredictions of overall eiement weigtt loss were 2bout 50 percent hicher
tnan the measurements. The hot end weignht loss was approximately as oredicted. The
surfacc oss estimate was high, orincipally due to & crcss overestimate of the nur-
ber ané location of pinhcles and thereby the pinhole corrosicri. The midband cor-
rosion comelatiors were rartially tased on LPX-AZ »xperience and partially basec
on KRX-AE two cycle QC test rosuits.

(! A rwre cetailed discussion of the NRX-46 corrosion perfcrmance may be founc
in References 22 and 38.

(U} CONTROL SYSTENS PERFORMANCE

(%) A1l reactor contrel svstems oerformed well. A1l reactor control svsters
performed aimost exactly as predicted except that the terperature controlier wis 2
little mcre siuggish thar predicted by the Cormmon Anaiog Model {CAM). The tempera-
ture contrcller held the reasured temperature to within S0°R of the demanc except
during transient conditions. During the rarmp from the 2100°R neld of EP-ITIA to
design condition;, thc measured terperature lagged derar.ded temperature by approxi-
mately 3 seconds or 100°R. Temperature triz operatiors 2rpeared tc be smooth and
responsive.

(L) NRX-4€ power t2sting was performec with & proaramred carameters:

1} prodellant feed line Lk, contrel valve L-11 ster position, (2) opropeliant
feed line Lh, vent valve L-!?’. stex position, {3} L4, flow rate, (2! QDewar 3
pressure, (5§ reactor power, and (¢! chamber temperature.

(L) Prior t3 the successful full power test, all six programs were checked out
by cross-plotting one program with ancther. During the startup of the full power
run, the progra=s controiled these six parameters to within 3 percent (full scale;
cf the desirec values for the crucial porticns of =2ach prcgrarm. The conly exception
tc this was tnat the stem position of valve L-111 was S percent (of full scale)
more tran the specified position. With the excection of the LH, flow rate prearam,
on the t351s of tire, all the procrars we-e vithin 1 second of each Ggther: LA,
floa rate was purvosely delaved 2 seconds witn respect to the L-11 prcgram. s
tining offset for L+, flow rate was also present during FzP-1I1 and the EP-III
Ztort. The performafice of the main orcoellant line, reactor power, and Dewar 3
pressure during the startup to the intermediate nower rold was excellert, exhibiting
GgGoC reproducitility with data measured during tne aborted EP-111 star.up on

7 lecenmber 13€7.
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The investigation of the operation ard performance of the six prcgrasmed
perameters consisted of evaluating first the recordec data of the program output,
ard secord, the recorded resporse of the controlled parameter. Figure £-19 pre-
sents tne variation between reduced data from tae prcgram output and the ideal,
scecified program output, assuring Zerc tiring errer for all six prograr drues.
A cetalled ciscussion of the programmed parameter pecformance i, given in Ref-
erence 12.

One false scram cccurred on the first atiemnted full power run. This
1madvertent shuldowr was due tC the noise sensitivity of the hardware used to ir-
glement (ne rinyrum drum position scram. The difficulty was isciated and corrected
prior to EP-1IIA. A detailed discussion cn the investigation of the cause cf this
sautdoma 1S given in Reference Z24.

{ZRD}  NUCLEAR AMALYSIS (LU}

(v The “NX-AE test seriec provicad an adundance of nuciear data applicastle to
future MER.A nuclear design. In this section the principal results of the test
aralysis are oresented in the test sequance. A detailea discussion cof the nuciear
analysis 1s Jvea in Reference 22.

) Supcritical Jperations

Ziring the removal of the shipcing poisor wires in the E-MRED Building, sub-
c=itical miltiplication data were taker to insure that the reactivity shutdown was
22equate. As In the N2XA-AS test, rotation of a single control drum provided a con-
ticuing calibration cf the aprarent muitipiication against reactivity, permitting
a {inai shutdowr. estimate which was within iic cf the shutdown estimate based on
¢rus worth zeasureaents.

() heutronic Tests

.~

The reactor was brought to criticality at the 97 degree drum position,
9 Lagrees 2bove the credicted 58 degrees angle, but within the + 10 degrees assigned
uncertainty !see Reference 6). The associated reactivity error was -53¢, an accu-
racy corparable to previous reactor predictions. In view of the wajcr nuclear
changes itn ARX-Af, the reactivity shimming was considered to be very good.

{L! Tne reactivity wortn of tne dry Test Lell "C" shield was found tc Le +41¢,
in good agreement With the predicted +36c (see Reference 22). The re2_tivity effect
cf adding borated water toc the shield was also measured to be -23¢. as compared to
tne predicted -25¢.

{c! A very detailed post-test analysis of the EP-I drum calibration data was

made. A best value of the integral dru~ worth of 7.€S has been derived by corrrect-
1ng each measurement for the effects of small deviations from delayed criticality.

(TWTe PRSE 13 UNCLASSIFIED)
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Tne three different k:nds of wirth reasuremerts vielded ver, similar estimates.
Most cf the 5 percent differerce “-om the 8.7 .3S crediction, which was based
cn PAX measurements {Refererce 27 can be attrisutea to small differences between
tne mOIk-up and the test article.

Vi
.\
b

L]

() The twd drums whose wOrih was Indivicua:'y mezsured appeared to differ in
worth by 246¢. Tne difference was shown tc be a result of detector ceometry simi-
lar tc that observed ‘n NRX/JEST iestirg.

) The small reactivity i0ss cf £.5¢ cbserved in the XNRX-A6 GN, tes* was in
disagreement with the credicted S.:2 gain. °ost—'est analysis has gxu]ained this
in terms of differences in oropeilar: distribiticn and wortn from those in the
NRA-A3 GXZ test on wrich the prediction was based {Reference 23}.

(CRD} Desigr Power Test /i)

A,

) A detailed post-test zra!ss s astablishec that the difference in feeddback
reactivity betweer arbient ang crerating conditions was -72¢ for NRX-A6. This
change was ir fact observed in *he —B-IAIL startup and shutdown, since post-test
analysis has shown that nc material! lcsses, such as molybdenum loss, occurred dur-
inc these events. 2lthough the expected feedback change was exactly -72¢, e
predicted net reactivity changs durinc startup was only -i"¢, since a 60¢ reacti-
vity gain was exoected to oczur b2cause of molybdenuz loss.

(v The time variaticn cf the criticel drum position during the high power
hold, shown in Figure 5-2C, imglies & marked imprcvement in fuel performance over
prior LRY reactors.

(CRD} The 65¢ reactivity 1oss 2ssociated with the total drum movement during the
hold is the sum of the reactivity effects of grachite moderator loss due to corro-
sion, molybdenu= blowoff, and fission crocduct poisoning; the post-test analysis
therefore emphasized the separation cf these eftects.

(u) The reactivity effect cof 1&133 buildup during the high power hold was cal-
culated to be -17¢ a2t the time cf shutcown. (iLater when the post-run critical was
performed it was only -1¢;.

(CRD) The total molybdenur coating loss during the test series, as established by
post-test chemistry, impliec a 61¢ reactivity gain, in good agreement with the pre-
dicted 6C¢. The time behavior of the molybdenum ioss was, however, not well pre-
dicted. In the absence of reactor test data, it has been assumed that all of the
loss would occur in th2 first power hold. A detailed analysis of the operating

and ambient criticality data estatisshed that about twc-thirds of the totail moly-
tdenum loss actually occurred during the 60-minute hold at design power.
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{CRD) If the observed 65¢ reactivity loss during the high power hold is cor-
rected for the 37¢ reactivity gain due to mclybdenum loss, and the 17¢ reactivity
loss due to Xe-135 buildup, the part of the reactivity change due to corrosion of
the fuel materials, carbon, uranium, and niobium, is calculated to be (65¢ + 37¢
-17¢ =) 85¢. This guantity is of speciai interest since it is an i=ndication of
the extent of the corrosion of the fuel matrix, comparable to the reactivity loss
in NRX reactors in which neither molybderum coating or Xe-135 buiidup contributed
significant reactor effects. The total! reactivitv loss due to carbon, uranium,
and niobium in the entire test series may also be calculated directly from the
change in the cold critic»l angle from 97.0 degrees at initial criticality to
100.5 degrees following the power run. If the associated 22¢ reactivity loss is
increased by €1¢, to account for the effect of molybdenum blowcff, a value of

83¢ is obtained. Essentially all of the corrosion represented by this reactivity
change occurred in the design power hold, so that this number is ccmparable to
the 85¢ derived above. The close agreement indi-ates that the separate reacti-
vity changes are understocod. A further check was obtzined by utilizing the meea-
sured fuel element weight losses to estimate tne reactivity loss due to corrcsion.
The result of this calculation was that a 77¢ reactivity loss occurred as a con-
sequence of the graphite moderator loss. Uranium and niobium losses had neali-
gible offect, while molybdenum blowoff oroduced a 61¢ reactivity gain, as moted
atove. Again, the agreement betweer the 77¢ number and the earlier 83¢ and 85¢
numbers confirms the separation of the various reactivity components.

(u) REACTOR SAFETY

(u) Reactor safety for NRX-A6 was similar to that provided fo* previous
reactor tests, and a complete safety analysis is presented in Rererence 26.

(u) Aralyses were performed to determine credible conditions that could lead
to unsafe cperation and reieise of fission products above the level expected for
normal operations. The safety evaluation of NRX-A6 operations was based on des-
criptions and operations presented in Reference 1. These analyses showed that
the predicted radiological hazards from normal operations or from test failure of
NRX-A6, while greater than those preaicted for NRX-AS5, were acceptable and it was
therefore ccncluded that NRX-A6 operations could be conducted without exposure of
personnel, either on or off the site. to excessive radiation levels. This con-
clusion was based on conduct of the tests during favorable weather conditions.

(v) To prevent damage to the test article or excursions of the reactor during
operations, operating ar -ooldown limits were established on various test para-
meters. A complete list and discussion of these limits is given in Reference 27.
To prevent exceeding these limits during reactor operation, limiters (see Sec-
tion 3), operator action, and emergency (scram) shutdown settings were utilized.
The settings and actions are given in Reference 11.

(u) An accident analysis that covers excursion magnitudes and other conse-

quences of various credible accidents may be found in Refererce 26. A fission-
prcduct-release analysis that covers the radiological consequences is also pre-
sented in Reference 26.

SONTDNNS
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(CRD)  INSTRUMENTATION PERFORMANCE (U)

() The instrumentation used for NRX-A6 served two basic functions. First, it
provided reactor state feedback signals to the control system, and, second, it pro-
vided diagnostic data necessary to monitor reactor operation and provide the data
for post-test analyses. Critical parameters for which operating limits had been
estabiished were monitored by the diagnostic instrumentation, as noted in Ref-
erence 11. Additional sensors provided signals to maintain reactor cperation »:th-
in critical control limits, or to effect automatic emergency action if taese limits
were exceeded.

() NOX-AE used a total of 409 reactar channels to monitor rezctor system per-
formance. The type and location c¢f transducers, the operating range, and other
functiona! information are listed in Reference 11. Redundant ineasurements were
taken for those parameters used for reactor contrel and those considered essential
for reactor performance analysis.

(u) Overall performance cf the instrumentation system was considered excellent.
A1l control parameters performed reliably throughout the test series, and anomalies
that occurred are discussed in References 26 and 29.

{u) Nucizar Subsystem Instrumentation

(v) The performance of the transducers during the test series was excellent.
The zero shifts noted for several differential-nressure transducers during the
full power runs vere expected and were caused by purposely exceeding the range of
the transcucers.

(V) There were a total of 265 WARL-supplied nuclear subsystem diagnostic ard
contrel sensors for the NRX-A6 test series. A total of 177 sensors were installed
inside the PVARA and 88 sensors were rounted exterral to the reactor. (See Ref-
erence 11 for specific sensor locations and parameters for the internally mounted
sensors). The externally mounted sensors consisted of the following:

Quantity Sensor Type Location
1 Potentiometer Actuator side-by-side test
33 Pressure transducers WANL pressure-transducer box
2 Pressure transducers Actuator side-by-side test
12 Thermocouples (low temp) Calorimeters
4 Resistor LNZ reference junction
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6 Re~istance thermometers Calorimeters
3 Accelercmeters Actuator side-ty-side test
22 Thermoccuple (low temp) Actuator side-bv-side test
2 RTT LNZ reference junction
3 Rate sensors (1, 2) Privy roof
(L) The table below indicates the total number of sensors required for installa-

tion as stated by the Measurement Requirement List (MRL) Reference 11 and the num-
ber of sensor channels operating after each phase of assembly and test. The chart
also shows the rumber of channels deleted after each phase and the number of chan-
nels questionable. The table further breaks down the questionable channels as being
associated with either sensor or data system or as being unresolved.

Channels Nuestionable

Channels
Channels  Channels tlon- Data Not
Phase Operationul Deleted Operational Sensor System Resolved

req'd Installation (MRL) 255 -—- — - _— _—
After WANL assy. 262 3 - - _— -
Prior tc tests 259 4 2 —— _— ——
After EP-I 259 5 1 -—- 2 3
After EP-II 269 5 —- _— ] 3
After EP-II1 (abort) 260 5 -—- -— ] 4
After EP-IIIA 259 5 1 5 -— 3

The total number of channels operating at the conclusion of all testing represented
97.7 percent of the required instrumentation.

() Assembly and Installation

(u; A total of 177 sencars were installed in the reactor. New transducers
used in this reactor include four VR type and one S/G type pressure transducers
{evaluation units) ana the core radial displacement transducers, which are half-
bridge strain gage type sensors and 21 exit gas thermocouples. All drawings were
reviewed and approved for correctness of sensor type, applicable process specifi-
cation, installation design, and compatibility with the Measurement Requirement
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List. Sensor history sheets were initiated for each sensor delivered to the Reacto
Assembly Laboratory for internally-mounted sensors or to NRDS for the externally
mounted sensors. A continuous sensor history including electrical data, installa-
tion information, and any pertinent facts relative to the sensor was maintained
from initial sensor acceptance testing through WANL assembly, NRDS electrical and
visual receiving irspection, NRDS assembly, and the end-to-end checkout of instru-
mentation from the sensor to the test cell. During the complete instrumentation
assembly and installation, only three measurements were lost.

Reference 30 gives a complete history of sensor installation.
(u) Performance
(u) The performance of sensor instrumentation ass-ciated with the Festiqg of
the NRX-A6 was considered to be very goc'. The types of sensors used in this test

series and their performance during tests are summarized in the following table.
A complete and detailed sensor evaluation is given in Reference 31.

Total Senscrs Sensors Sensors
Type Required Operational Deleted Questionable

Thermocoupie (high temp) 52 52 0 1
Thermocouple (low temp) 122 121 1 0
Resistance thermometer 14 i4 0 i
Strain gage 14 12 2 7*
Pressure, absolute 18 18 0 0
Pressure, differential 22 22 0 4]
Displacement (LVDT) 3 3 0 3
Displacement (S/G) 6 6 0 0
Accelerometer 6 5 1 2
Resistor 4 4 0 C
Potentiometer 1 1 0 0
Rate sensor _3 _1 2 _0

TOTAL 265 259 6 12

*

A1l of the strain gages were in hiah . -diation fields during the full power run,
and exhibited varying deqrees of outpu drift. The condition of the sensors however.
as observed d'~ing post-operative examination was excellent.
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(v . Displacement Sensors - A1l three LVDT's were questionable due to dif-
ficulty with signal conditioning and they exhibited some drift in output. The

datatwgs qualitatively usable however, when the drift ue to radiation was dis-
counted.

(u) ) A1l six strain gauge transducers were consistent in performance and
considered to be excellent.

(U) Pressure Transducers - The four variable-reluctance internally
mounted pressure transducers (Wianko) wire operating at the conclusion of the
reactor test. These transducers indicated lower pressures than their externally
mounted counterpart. Three of these transducers were evaluation units. They

indicated an improvement in performance over the variable-reluctance transducers
c¢f the older design.

(V) The one S/G internally mounted pressure transducer operated satis-
factorily throughout tests, although it indicated very slightly lower pressure than
its externally mounted counterpart.

(V) Externally mounted transducers of tne strain gage type (CEC) performed
very we.l. Al7 35 transducers were operating and none were considered questionable.

(U) Accelerometers - The three strain gage type accelerometers {Statham)
mounted on the actuator side-by-side test fixture perfermed well.

(u) Cf the three internally mounted VR type accelerometers {Wianko), one
became inoperative prior to tests and was cancelled. The remaining two showed de-
gradation of signal above 80 percent reactor pover.

(V) Thermocouples - A1l but one of the 110 externaily and internally
mounted low temperature thermocouples were operating at the end of testing. One
was deleted following damage during reactor build.

() A11 of the 52 reactor high temperature thermocounles were operating
at the end of testing. Only one sensor, at Station 26, was considered questionable.
This was resolved to be real data when disassembly revealed that the plug in the
thermocouple hole had blown out permitting gas flow around tha thermocouple.

) RTT - A1l eight RTT's performed satisfactorily throughout tests. One
RTT was under-ranged in EP-1.

(u) Potentiometer - The actuator position indicating potentiometer per-
formed well during all tests.

(U) Resistor - The four LN2 reference junction liquid level indicators
were completely operational.
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(v) Calorimeters - The one resistance thermometer and two chrome!-a]umel
thermocouples installed in each of the six calorimeters performed satisiactorily
during the test series.

(u) Strain Gages - Fourteen weldable-tvpe strain gages were installed:
four were mounted on the reflector standoff bol" to measure reactor axial loading
mounted on each of five different tie rods and were mounted opposite each cther to
eliminate the bending component of the measured stresses. One tie rod strain gage
became shorted during assembly of the reactor and was deleted; also one reflector
standoff strain gage became open during NRDS setup operation and was deleted. All
strain gages exhibited varying dogrees of drift during the full power run due to
the high radiation field.

(V) Rate Sensors - An attempt was made to utilize three evaluation rate

sensor channels, one for gamma rate and two for fast neutron rate, for privy roof

measurements on the test article. The gamma channel was set up and performed well
throughout the test series. The two neutron channels were unatle to be satisfact-
orily set up prior tc the test series.

(U) Post Test Electrical Checks

(v The post-test electrical checks were made following the test series to es-
tablish the electrical condition of the sensors and their connections into the test
cell. Results of this check were tien compared with those for the identical check
made prior tc the start of the test series. All sensors noted as questionable dur-
ing the test series were found to have no electricai deviations from the pre-test
condicion.

{y) Dis¢ embly

(V) Visual observations were made during the disassembly operation to verify
installation position and (utward physical appearance of the sensors at the earliest
possible time after the rez:*or tests, as well as to ensure the integrity of the
sensors that required closer observation during the post-cnerative examination.

In general, these visual obervations showed all instrumentation to be in excellent
condition.

Reference 28 presents a detailed history of sensor disassembly.

3y

(J) Post-Operative Examination

(U) After testing was completed, the core instrumentation, cata channel nost
calibration, and test car wiring were checked. Only tie examination of core in-
Strumentation has been compieted. This examination consisted of a visual inspect-
ien. Radiography of coie thermocoupies showed no confirmation of discrepancv in
the questionable or deleted channels. Transducer performance was evaluated and
validity of the output data was confirmed.
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ol Non-HNuclear Mounted irnstruventation

el non-nuclear rournted instrucntatiorn perrormance was very good and described
tne envisonrant tnat existed in the test asserbly. A total of 90 measurements were
arovided for the NRX-PC test series to ronitor parameters of terperature, pressure,
strain, and vibration. Fifty-one of these measurements were diagnostic to evaluate
test articie performance, and 39 were for evaluatior of new transducer designs and
new installation technigques, Gor were usec to monitor envircnments in the viciaity

" rew transducer cesigrs.

.3
ot

(el Sixteen anomalies were notec in the diagrostic measurements anc twelve were
nctéa in the evaluation rmeasurements.

(L) The performance of the instruments during the NRX-A€ test series, the infor-
mation ottaired regerding environnental suitability, and the corrective acticn taken
for future tests are summarized in the fnilowing sections. A more detailed discu~-
sicn of sensor performance is giver in Reference Z23.

iu) Control Fressure Trancducers

(U Three test car waii-mounted oressure transducers were used tc measure
nozzle chamber pressures. UData aralysis of tne three pressure chanrel: showed
excellent correlation; the maximum channel-to-channel deviation cbserved ‘hrough-
vut the full power run was 5 psi.

(U} Diagrostic Pressure Transducers

) Three test car ounted pressure transducers were ysed to measure diagnostic
cressures. Data of the .- e*solute pressure channels showed excellent correia-
tion; the maximum channel-to-chennel deviation cbs2rved throughout the full power

rur was 6 psSi. Analysis of the differertial pressure transducer showed no data
anomalies.

) Resistance Typ> Temperature Transducers (RTT's)

(1) One Rosemount Model 134E3 platinum temperature transducer was usecd to mon-
itor the LH, temperature at the nozzle manifold inlet. This transducer, PN 248635,
was identicg! to the transduccrs used stccessfully in all previous NRX tests. The
transducer operated satisfactorily throughout the test with no anomalies. The trans-
ducer data revealed no changes ‘rom radiation induced reutron damage to the trans-
ducer sensing element.

{v) Surface Mounted Thermocouplas

{u) Nozzle, pressure vessel, and pressure vessel forward end c.,osure surface
temperature measurements wer2 made witn 39 surface mounted thermoccuples. Twenty-one
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were used for diagnostic measurements and 1% were used tc support evaluation of
surface mounted develooment instrumentation. Aromalicss were noted in 4 of the IS
measurements. One measurement charnel was excessively ncisy throughout all test
phases; one channel was ncisy and temperature exceeded the channel range; tr»we tem-
perature of the other two charnels exceeded tne charmel range.

(v} Thrust Chamber Thermccouples

(U} Four thrust-chamber thermocouples, mounted in pass-throwgh bosses on the
convergent section of the nozzle wall and extending 2t least 1.€ in. irto the hot
gas <tream, were used for the test series. The thermocsuples were made cf tungsten
with 5 percent rhenium and tungsten with 26 percent rheniusr [u¥-5%Re/w-26"Re!, insu-
lated with beryv1liur oxide (5el), sheathed by 2 W-2€.Re tube, and gruunced at tne
sensory junction forred in the crobe tip. Tnese thermoccuples were identical to
the thermocouples used succe:ssfully on KRX-AS.

(u) Curing the one-hour ful! power hclid, the ‘our trermocouples indicated an
average temperature cf acproximately 3€50° %, whereas the best estimate nf cnarter
temperature was in the rance of &J4C to £150°% {see Terle £-3). The ditfer-

ence between the trermocouple values and the estimated values is considerabtly larger

than the 00°R difference that coull result from the measurement and date systexm
uncertainties.

(V) The tesperature spread beiween the hignest and lowest reading thermocsipies
was approximately 350°R. as compared with the expected spread of apprcximately 100°R.

(u) In an effort to explain these deviaticas, the fo'llowing instrumentation
items wera checked: (1) Pre- arg post-electricai calibrations of the cata syster,
(2) reference temperatures during the power r.n, {3) crerz serial numbers vs probe
location, (4} depth cf probe penetration, (3) t:zes of wire useé that mignt fore
secondary juncticns, ard (6) post-test »Z.aiibration of tw0o of the four probes in
an NT0 hot cell. No anomalies wcre fcund that would invaiidate the measured tem-
peratures.

(u) Analysis is presently being cerformed to determine the upper and lower
limits of flow and temperature distribution wricrh zculd resu?l in a lack of com-
plete mixing within the chamber.

(L) Acce lerometer

(u) Six strain gage type (Statham) accelerometers were used for diagnostic
vibration measuvrements to eaperimentally determire structural vibration character-
istics during the MRX-A6 tests.

(V) Overheating probablv caused the failure of three ¢f <ix strain gage accel-
erometers, as well as the observec off-scale drift of the fourth accelerometer. As
a rcsult of the overheating, the data from the reraining twe strain gage transcucers
are questionatle with respect to mannitude, bul rot freguency.
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! Strain Gages

i Yight weldable :ull bridge strain gages were installed cn the NEX-AE pres-
sure vessel extermal surface tc measure hoop ard longitudinal strairs during the
<teady state portiorn ¢f the full power test. The da.a cttained were reguired feor
pressure vesse! Z2sign verificalion. One strain gage opened during iastallation
anc was subsequently deleted from the test cdata. The remaiving stratn gages oper-
ated thrcuchouwl the test.

(.} Five of tne remaining strain gages faiiled tc orovide valid data curiang the
test cue to installation difficuities with the resistance spotweld process, nct due
1t engine envivommeni. Two transducers provided vaiid data tarcuchoul tne test.
The data agreed well with the preuvicted strain magnitude anl were comparatle to
cala obtaimed from similar encine locatioms in previcus KRX tests.

w! Envirommertal Testing of Vew Instrumentaticn Jesigns
(! 1) Evaluation Accelierometers
(.3 Six evaiuation accelerometer< {Llectra Scientific) were 1nstallec in various

iocations on the nozzle torus ard the aft flange of tre pressure vessel for gueli-
tative evaiuation in the higher flux rates curing the MRX-AE fLil sower test.

(u: No conclusions could be drawn aboul the performance of the evaiuation trins-
ducers In the KRX-AE& radiation znvircrment. The data from al! charaeis contained
extraneous noise, apea.ently intreduced in the data accuisition systewm, that inm-
valicated the data during various time “ntervals throuchovt the test. Altrougn

cach of the cata channels contaired time intervalc in which the data appeared valid,
an extensive survey of ail channels was not performed tc define the various time
intervals. This anomai: is believed to have criginated in tae cata acjuisiticn
system.

(3 2} Sheathed Cable Flame Sgray Test

{13 une effect of gamme fielcs on instrumentatiorn systers 1S U0 Cnande Wens-
mission catle characteristics by increasing the temperature of tne cable.

(v) fight thermocourles were used in the flame-sgray test: six were standard
surface-mounted thermocouples and two were sp2cial ungrounded thermcccurles. he
primary otjective was to determine the effectiveness of & flame-sprayed eluminus
coating *n oroviding a thermal path betweer t'.e gamma-heated sheathed cables and

the reactor pressure vessel. The secondary objective was %0 determine the effectl-
iveness of fiame spraying in connection with varicus methcds of bonding the surface-
mounted thermocouples {totally tonded, bonced juncticn and unbonded cable, unbonded
Junction ard bonded -able, and tctally unbonded). These bording metnods were sel-
ected to aid in determining:
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a} The thermal gradient between cable sheaths, conductcrs, and
mounting surfaces for cooled and uncooled cables.

t) The effect on surface-terperature measuremzents of using various
thermocouple bonding wethods.

c) The effect on tie response characieristics of surface-mounted
theraoccuples.

d) The effect of gamma radiaticn cn cable insulaticn =mesistaace.

e} The design verification of the predicted temperztures for cocled
anG uncocled cables.

f} The abil ty of the flame-sprayed raterial to withstand thermal
shceks and temaperaiure gradients without separating, crackeg, or sgalling.

() Primary interest was in the effects obtaired cduring the steady-state period
cf the full power test when the heating rales we:e maximez.

w All test uvbjectives were met, except for ore tetally bonded thermorcurie,
which showed a temperature differential of approx‘mateiy 35G°R atove the surface
terperature. Post-test examination revealed that this thermocoupie hacd part ~1ly
lifted fror the pressure vessel surface. The resulting data were indicative of
extremely 500+ thermal contact and were nct representative of the temcerature for
an unconded surface thermocouple. No conclusions were drawn from ¢ cata.

(&) The flame-sprayec aluminum effectively reduced casle and vonductor tem-
peratures %o the temperature cf the pressure wescel surfice. No significant cif-
f:rences could be detected beiweer conductcor tumpercture, cable sheath temperature,
and nressure vessel surface temceratyre. Total: s bonded surface thermocouples
provided the lowest surface temperature .me2surerents. All other bonding wmethods
tested incicated higher temperatures than those indiceted by the totaily bonded
surface themmocouples:

() 3) Pressure Transducers

v Five redesigred Statham oressure transducers were tested for nuclear eval-
uation as control transducers for use on NERVA engines. These trarsducers were
sirmilar to trans.ucers tested orevicusly on KRX-AS5, except that the ele:trical
connector had been removed and replaced with integral cable and the height of the
transdvcer had bee. reduced 63 percent.

(J) The test resuits showed that side-by-side testing of transducers i3 simwu-
lated mounting bosses on the engine nczzle is difficult because of the problems
in adequately defining the nozzle heat-sinx temperatures. A redesign of the
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mounting b 25 1S required to inprove the thermal paths sco they will be similar
to tngse € the active mounting oosses.

§) RIT's
(. t1.¢ medesigned Roseaount Model 1340A-1 resistance temperature transducers

{R7T'<’ were instzlled in varicus lecations in the rropcellant feed system of the
ergin: ‘or a nuclear evaiuation test. These transcducers were similar to Model 13-
used previn :ly in all NRX tests, excert that the electricel connector had been

remcyed anet ~eplaced with integral catle.

{.: Z r diatior induced temperature errcr of 1.7°R was observed with an average
nautre? flugace of 4 x 101€ nyt, which correlatec with the results of irradiaticn
testinu. No fatlures cor cther anomelies were ncted.

LA

(e, NPr-L6 Data Systerm Performarce

(vl Data systaw performance is defined as the perfcrmance of the instrumenta-
tior, caia aciuisition, anc cata reduction systems. A description of the NRX-Aé
data acg 1sition ang Jata reduction systems anc their cperation may be fcund in
acference 2.

IR

i Instrumentation irnd-to-End Checkout

(.} T .2 2rd-to-end instrumentaticr chechout was performed for ANRY-A6 a5 des-
cribed in Refe-ence 32. The following were verified and documented: (1) centin-
uity of each cranre! ..om the transducer, or c.osest point of terrmination to it,

te the final recording or display device in the control geint; (2} correct polarity
cf each cnaane’; and {3) gain or setup range {cor doth; of each channe!l.

(o A stixmlus was appliad tc all accessitlie transducers over their full range
ty the rethods pre:~ri;bed in Reference 3Z. Those that were inaccessible were
checked cut to the cctro' point by applying a voltage or making 3 sinilar substi-
tulicr. at the clesest terevracion point to the transducer.

(y) Cata Evaluat:on and Channel Performance

() Instrumeniation for the WNRY-AE full power run included a total of 409 re-
actor channeis und 464 facility channels. There were 328 reactor channes and
437 facilitv .i2nneis multipolexed and recorded on tape {narrow band}. Crannels
needed for .ata analysis were orocessed, and Cal-Como plots were made for 4,630
seconds the w2acter operation and 4,000 seconds of cooldown. Additional olots
were ~.uauced Cor special cime intervals as c~egquired for data analysis.

(L) There were “umercus channei changes incorocrated intc the data and instru-
mentation syster nrior tn the NRY-AE full power test. The cnanges, cver the entire
period of tim> that NRX-A6 was at the test cell, were as follows: 3530 new channels,
153 cance'i d chinnels, and 706 channel revisions.
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(u) Wide-band measurements were made cn 110 channels with bandwidths up to
10,000 Hz. The wide-band system was used to measure acceleration, displacements,
strains, and selected prescures. Channels assigned to the wide-band system were
recorded on magnetic tape and could also be displayed on a CEC oscillograph recorder
in real time. For NRX-AE, 27 wide-band (real time) oscillograph recordings were
made .

(u) The Sanborn strip charts were used to record seiected higrk level channels
(C-10 volts) during the NRX-A6 test series. The Sanborn charts were used during 3
test to provide quick-look data and trend inforwmation. The capability for this
form of recording included 128 channels at the CP and an additional 16 channels

in the Local Control Room at the test cell. This does not include the 32-channel
capability of the Centrol Roum Sanborms, nor the 15 channels o basement Sanborns
for the side-by-side experim:nts.

(v) The Vidar System was used to record Dewar levels and perform digital data
logging. This systez should have provided a digital priniout of 99 channels during
NRX-A6. However, a failure of the constant current power supply in the Vidar
System before the start of the full power run prevented the acquisition of any
data. An investigation of the failure of the power supply 1S now in progress.

(u) One “Hrown-plated” channel {cart venturi differential pressure; was re-
<orded with a response of 42,000-52,000 Hz for increased channel response.

(u) Two events recorders were used to record the binary indications of 116
channels. These included selected Open-Close 1imit indications of valves and an
Un-Off condition of alarms, scrams, and commands.

{u) Quick-look data for NRX-A6 was reduced at G.125 samples per second in
order tc present the historv of the startup rarp, full power hold, and shutdown
ramp on one l0-inch Cal-Comp plot. This extremely low sampling rate resulted in
considerable noise on the data. Only freguencies up to 0.0625 Hz are vepiresented
with fidelity.

it A pictoriel history of the NRX-A6 Reactor Test Series was made on film
with movie cameras, kinescopes, and video tape. This included views of the PPR
and rCR, as well as the reactcr during reactor operation.

(u) REACTOR AND FEEDSYSTEM DYKAKIC ANALYSIS

(L) Keactor

() Since the primary objective of the NRX-A6 test was reactor endurance, no
system transfer vunctions were measured. However, the transients between hcid

points and especially shutdown transients are valuable for rodel evaluations. A
comparison of analog predicted system pressures and data for the EP-IIIA full-power
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run is given in Figure 5-21 and shows generally good agreement. The three holds
were arbitrarily compressed into 20 seconds to reduce anaiog computer run time.
The reflector inlet temperature and tie rod temperature are shown in Figure 5-22.

Scecial note should be made of the good agreement of the peak tie rod temperature
during a shutdown.

() Feedsystem

(L) The simulation of the facility components during the shutdown from the
EF-IIIA full-power run is in general agreement with test data as seen ir Fig-
ures 5-23 and 5-24. The difference between predicted flow and the on-line calcu-
lat2d flow during the first one-half second after the shutdown, indicates that the
gyrtanic impeaance of the model should be refined in this region.

{u) During the facility checkout tests, both open and closed loop freauency
response measurements were performed to determine the dynamics of the feedsystem
and to evaluate the analog mode! of tne feedsystem. Based on the comparison of
the analycical model with the experimental data from FEP-II and FEP-III, some re-
visions were made in the previously formulated Test Cell “C" model (See Refer-
ence 33). These revisions include: (a) new Mark 25 pump head and torque char-
acteristics, (b) new bypass valve (L-209) in Figure 3-7 characteristics, and

{c) a new turbine torque ejuation. The improvemeat in frequency response due to
trese revisions can be seen in Figure 5-25. The data indicate th&t segmentation
cf the heat exchanger mode! into more nodes may better simulate the rapid increase
ir phase shift at frequencies greater than 2 Hz.

(v) The predicted emergency shutdown (ESD) from design flow conditions shows
good agreement with data from FEP-III as can be seen in Figures 5-26 and 5-27.
Figure 5-28 <hows the agreement <f the analog simulation with the ESD data from
a low flow condition.

(L) It is believed that the updated analytical model is sufficient to accur-
ately predict the Test Cell "C" system response while feeding a load orifice.
The system comgonents included in the model are shown schematically in Figure 5-29.

(L Further results of reactor anrd subsyctem dynamic analysis comparisons for
nRX-A6 may be found in Reference 34.

(L) COMPONENT EVALUATION

(L) Information for the evaluation of the comconent performance of the NRX-A6
origirated from two sources: (1) data obtained during the tests from reactor in-
strumentation and {2) data from post-operative examinations made during and after
reactor disassembly. In this section the results of irnformation obtained from

reacter data is discussed. The observations and analyses made as a result of post
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5-54

.2 4
1 L |
{ H 1
-
-
| i 1
| { 1
Q0o I
1 L
.5 1.0 1.5
TIME - SECCNDS 61232268

(U) Sinulation of NRX~A6 FEP-III
Emergency Shutdown from Design Flow



Astronuciear

Laber=*ry
100 , T r-
LR-209
(% OPEN) 50 -
01 { 1
100 T T
DEWAR 50 L _
FLOW 5] -
(LB/SEQ)
0 4 1
ANALOG 1000
—— SIMULATION 1
O TESTDATA  ORIFICE
PRESSURE 500 —
BP-15
(PSIA)
0 | |
3 .5 .0 1,5
TIME - SECONDS
612322-78
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coerative examinations are discussed later in Sectiosn 5 under the heac.ngs Dis-
assembly and Pust-Operative Examinations and Fuel Element Performance.

(.} Component performance s Ltased on two rmajor 3reas, data ana'ysis and the
ciscussion of coaponert performance. Coasidered Tn the data analysis are both
cuasi-static responses {less than 1 Hz; i.e., the s3low respanses of the reactor
tc such facters as power ramps, shutdowns, and very-low-fregueacy pressure oscil-
lations} and dynamic respoases (shock and vibration).

) The quasi-stat.c data aralysis ‘ncluded the data from the tie rod strai:
gages, the tie bolt standoff strain gages, the ccore radial displacement trans-
ducers, and the core axigl displacement transducers. The responses cf these
transducers were coepared with the responses predicted by the Reactor Analytical
Transient Stress computer program (RATS!. The dynamic data was also reduced and
a sumary of the conclusieons from this data is included.

(v A more detailed discussian cf the results of the data analysis is presented
in Reference 35.

(CRD) Data Analysis (U}

(v) Data Reductiorn Syctem and Peactur Model

(v) The coupling of the NUMAD program (Mechanical Anezlysis cf Data) to the RATS
program provided a powerfui tocl for the reactcr post test data anaiysis. The

RATS program calculated the displacements of the major reactor components, systex
forces, certain critical stresses, ard other parameters of structural interest.

The output from RATS was stored on magnetic tape and available for further analysis,
tatulations, or plotting. These rlctted results produced the calculited quasi-
static structural respcnses cof the NRX-A6 reacter fcr the measured thermal and
pressure test conditions.

¢R) The dvnamic analycis started with a visual review of the 3scil.ographic
replavs of the analog wige band type channels. Time slices of interest were then
subjected to wawe aralysis to obtain power spectral density data (PSO) e¢nd to
determine the frequency control of the dynamic signals.

(CRC)  Core/Reflactor Reiative Radial Displacements (U)

{CRC) The measurecd average gar change was always higher than the calculated

gap change, tne maximum error being about 20 percent. This difference was apparent-
ly due tc the inversed transverse therma: expansion coefficient of the NRX-A6 fue’
relative tc earlier WRX fuel. The increase was due tc a lower temperature bore
coating on the NRX-AG fuel element. The higher expansicn of the bore coating
caused an increasec expansion ¢f the graphite matrix.
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(u) Tie Rod Strains

(L) The one operable tie rod strain gage provided good data which compared
well with calculations during startup and at the core start-of-life. Howe -er,
all gages drifted excessively during full power, probatiy due to radiation expo-
sure. This drift was so great that the tie rod strain data was of little value
after the start of the power run.

(L) Core Axial Jisplacements

(u) The LVET's (displacement transducers) between the core and the suppurt
plate gave readings during the startup and start-of-life that were in very good
agreement with predictions. These transducers also exhibited a significant amount
of drifting due to radiation damage or internal heating.

(u) Standoff Bolt Strains

(u) The standoff bolt strain jages gave data which appeared valid durirg tne
test. The drifting was much less than with the tie rods and di~placement trans-
ducers, probably due to the lower radiation exaosure.

(U} The agreement between the calculated and predicted values from these gages
was not as guod as for the otner instrumenis. The cause of the differences has
not yet been determined.

(u) Coniro! brum Torgues

(L) Examination of the control drum torque data found no evidence of control

drum rubbing or sticking. The torgques were all less than 50 in-1b throughout the
run. Because of the large channel setup to detect druw rubbing, it was not pecs-

sible to distinguish the actual torque level below 50 in-1lbs.

(V) Dynamic Data

(v) The NRX-A6 dynamic data indicated that the vitrational ewvironment during
che startup to the full power run was very severe, at least on the pressure vesse!l.
The severe pressure vessei vibrations were atternuated before they reached the
reactor, and no dynamic breakaway of the core was indicated during the test.

(L) It appeareqd that the large engine vibrations during the startup were caused
by the coupling between the nozzle mechanical vibraticns end the nozzle chamber
acoustic vibraticns during *the 2000°R hold. As the frequency of tre acoustic vibra-
tions depends on tne chamber temperature, which was relatively constant during the
2000°R hold, the vibrations can iargely be deturei for any future reactor test by
changing the nom’nal chamter temperature hold (to 1800°R, for example).

(u) The quality of the dynamic data was poor. The variable reluctance accel-

erometers on the core support plate should be re:laced or modified to perform at
operational temperature iim‘ts. The frequency ringe cf the dynamic displacement
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gages was insufficient to provide adequate information during reactor vibrations.
() DISASSEMBLY AND PCST-OPERATIOKAL EXAMINATIONS

(v) The NRX-AE Test A<simbly was r2turned to the Jisassembly Bay of the R-MAD
Building on 20 fecesber 1967. Disassombly wa- 1itiated at the time and continued
until approxizate'y 3 March 1968, at which time all subassemblins had been dis-
mantled. Pest-aparational examinations took piace in the Jisassesdiy wiy and
R-MAD hot «211., and in the disassembly bay and hot cells associated with the £-MAD
Building

(Y} The geacral apparance of the NRX-A6 test acticle was excellent, as shown
in Figure 5-30, which is a photograph of the test article taken immediately after
return to the R-MAD disassembly bay.

(v) The results of the disassembly and post-operational examinations confirmed
that the NRX-A6 reactor can operate at or above rated conditions for 60 minutes
without deleterious effects on the reactor system components.

(u) This section cortains a summary of the results of the NRX-A6 disassembly
anG post-operative examinations on all major reactor components, except fuel ele-
ment performance which s discussed later in this secticn of the report. Evalua-
tion and analysis of the dynamic test data has been previously described in this
section. A more detailed discussion of the disassembly and post-operational ex-
aminations is giver in Referernces 35, 36, 37, and 38.

(u) Non-Nuclear (Structural) Reactor Component Examinaiion

(u) Simulated Shield

(u) The simulated shield was in excellent condition following the test with
no test induced damace observed. A small amount of debris was observed on the
forward face in the seal block areas. Analysis of this debiis indicated it
resulted from grinding of the seal blocks and instrumentation leads during
disassembly.

(U) Flow Screens
{v) A1l flow screens (located on the underside ot the simulated shield) were

in excellent condition and were free of reactor operation debris. There was,
however, slight evidence of staining on some of the screens.

{u) Core Support Plate

(u) The core support plate was in excellent condition with no evidence of
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tigure 5-30. (U) Overall View of Test Assembly After Return to R-MAD (U}
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debris or wear marks on either ferw:rd cr aft surfaces. Metallographic samples
of the support plate showed no unexpected 2nomalies.

(u) Control Drum Orive Shafts

(L) All were in generally excellent condition. A srmail amount of dark granu-
lar contaminant was present at the forward ends of some of the shafts. Siignt
wear, or burrish marks were observed on tne face of the tooth nearest the double
tooth of shafts 2@ and 10.

(L Crive Shaft Guide Tube

{u) A smal! amnunt of dark granular material, subsecguently analyzed as cutting
debris, was observed on the ends of the tuSes. The tubes were gtherwise in excel-
lent condition.

v Reflector Assembly

(U} Thz NRX-AE was the 7irst reactor to employ the three annular teryllium
rings assembled (stacked) into a single reflectoer. Previous reactorshad utilized
a two-reflector system, an inner graphite cylinder, and an outer bervliiium cylinder
made up of 12 full-length segmenis. This new syster required a considerably dif-
ferent disassemblv technique and both disassembiy and post-operational examina-
tions were modified to take intc account the somewhat different requirements. The
NRX-A6 reflector was functionally adequate for the NRX-A6 test. The reflector
performance did not limit the reactor performance.

(J) During an early stage of disassembly, the presence of cracks was noted in
tne certral and forward end reflector rings. 1lhe cracks, which had nct been
detected ir the reflector sectors of any previous reactors, excect NRX-Al, which
was a cold-flow test cnly were quite extensive and occurred on botn internal and
external reflector surfaces, particularly n areas adjacert to cortrol drum posi-
tions 3, 4, 6, 5, 10, and 12. During Separaticn of the upper and lower reflector
ring halves, (which was accomplished after scoring and wedgina apart the upper
ring halves at the no. 4 and no. 10 contrc! drum cavity areas), triangular shaped
pieces of beryllium fell from the parted surface into the control drum cavities.
The aorearance of these pieces, as weli as the aprearance of the parted reflector
surface in some lorations possessed a brittle, giassy fracture indicative of an
irradiaied type failure, Sec rigure 5-3i.

) An extensive dye penetrant 2xamination and crack mapping program was carried
tut to evatuate the total reflector crack pattern. As a result, axial cracks were
determined to be present in two oi the three rings ¢f the reflector. The axial
cracks were generaliy limited to the vicinity of control drum cavities, although
some axial cracking was alsc observed in axiai coolant hole lozations. The most
severe axial cracks were those associated with control drum webs.

(¥ A]
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(U) The most severe circumferential cracks occurred in the center ring at the
outermost spigot surface on the aft end, and the innermost surface of the groove
on the forward end. The aft end ring did not contzin axial cracks, although small

circumferential cracks were observed on its forward face near the no. 3, 6, and 11
control drum locations.

(v) Although numergus axial and circurferential cracks occurred in the NRX-A5
reflector near the end of the full power hold, the presence of these cracks had no
significant effect on any parameter reasured during testing. Considerable analysis
of the reflector has since been performed from the standpoint of materials proper-
ties, disign requirements and reactor operating parameters. As a result of this
analysis the following conclusions have been reached:

1) The cracks resulted from therral stresses in the reflector ring.

2) The cracks occurred about two minutes before the end of the full power
run. At this time the increased thermal stress exceeded the strength of the beryi-
lium reflector material. The thermal Stress increase and the fracture toughness
decrease were both due tu irradiaticon effects on the bervllium material.

3) The sequence of cracking appears tc have been as follows:
a] The outer web cracks developed
b) The inner web and tongue and groove cracks developed

4) As a result of the post test analysis and testing, improved therma1.
and structural techniques have beer developed for the analysis of the stresses 1n
the ring design beryliliun reflector.

5) Future reflector designs will have to be subjected to a very detailed
thermal and structural analysis, including the effects of variations, to assure
reliable operation for the NERVA reactors.

The instrumentation on the reflector tie bolts indicated that the tie
bolts operated at a higher stress than predicted, but stil] below the yield strength.
However, the reflector reached a temperature of 525°F while in the R-MAD building.
Calculations indicate that yielding of the tie bolts would occur at this temper-
ature.

The aft support ring adequately supported the core and reflector loads. ~It
exhibited discoloration and chipping at the aft end which requires further metalic-
graphical tests.

{u) Seal Rings Between Core Support Plate and Shield

(u) Wear marks or slight burnishing marks were observed in locations corres-
ponding to seal ring interfaces. These markings were considered normal.

(TS PAGE IS UNCLASSIFIED)

CONMDRLLE.
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(u) Cluster Plates, Cold End Cluster Hardware

(v) Although the overall view of the cluster plates showed a discoloration
pattern, a close visual examination showed the discoloration to be superficial. ;
(This condition has been noted on cluster plates from nearly all previous reactors;.
The orifices in the center bushings were observed to be unobstructed. All cold

end hardware; i.e. tie rod nuts, holders, spiit bushings and washers, prelcad
springs, were observed to be in qood condition.

(CRD)  Aft End Support Riag (U)

{(CRD) The inside surface of the aft end support ring showed disccloration flow
lines and several chipped or deposited 2reas were cbserved. The area around the
chipped or deposit locations appeared yeilow in color and was found *o be very
brittle. Metallograghic examinaticii showed the base material to be contaminated.
Initial testing has not shown whac the contaminant is and further testing will be
required. All the chips or derosits were on the aft end inside diameter of the
rings.

(v) Tie Bolt Standoffs

(v) Two of six tie bolt standoffs were examined in detail, and were in excel-
lent condition.

(V) Lateral Support System

(v) The N“RX-A6 reactor had a completely redesigned lateral support system.
This systen was built into the beryllium reflector and utilized angled seals to
provide hbundling to the core and axial seeling in the space between the core and
the reflecior.

(u) This redesigned lateral support system functiored perfectly in the NRX-A6
test. The test demonstrated that an angizd seal lateral support system can per-
form properly in a reactor environment and indicates that it is a suitable choice
for tne NERVA reactcr.

1) Inner Seal Segments - The general condition of all seal seqments
was aood. A1l segments had clear flow holes with minor coating present on some of
the aft end segments. Some slight oolishing of the segments was observed where
nlunger contact was made. No cracks or corrosion of seqments was noted.

2) Aft Outer Segments - No evidence of corrcsion was noted on these
seqments, although the coating on these segments contained veeled flaked areas.
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3) Insulating Segments - The insu?ating segments, located behinc
the outer sea’ segments, were in excellent condition with ro indication of flow
or corrosian.

4} Quter Seal Segments - All appeared in excellent condition, with
no <vidence cf wear, damage, or corrosion. All flow channels were open, and there
was no indication of segment displacement during operation.

5) Plunger Pins, Plunger Pin Sleeves, and Plunger Pin Caps - All
plunger pins were in good condition. Polished or burnished marks were typically
observed on pins as follows: On the surface where the spring made contact, on
the surface where contact with the seal segments was made and on the surface where
the pin rides against the inside diameter of the reflector.

The plunger pin sleeves were also in excellent condition, although
some showed a brownish centaminant on the 0D surfuce.

Plunger pin caps were in excellent condition, with no observable
evidence of leakage.

5) Lateral Support Springs - All lateral support springs were in
excellent condition when examined post-operationally. Post-test spring constant
determinations were performed on a rumber of springs to determine the effects of
the full power run on stress relaxation. No permanent set could be detected within
the accuracy of the measurements (approximateiy 5 percent).

(uj Reactor Core Component Examination

(U) The performance of the core was the most optimistic result ottained from

the NRX-A€ test. The interior fuel element and the central elements survived thz
full hour run with no structural damage and a smaller than expected corrosion w2ight
loss.

Uy The tight core experiment (close element envelope and average size toler-
ance and selective assembly of central elements) was very successful, eliminating
the problem of fuel element surface corrosion.

(U} Pyrolytic graphite deposition again occurred at the mid-plane of the core,
bonding the elements together. Except for creating disassembly probliems, this
effect was not harmfui.

(CRD;  Insulating Pyrolytic Tiles (U)

{CRD} Tiles were bowed no more than the bow of the tiles in the unrestrained
cocnditions prior to assembly. Light sooting was present at locations between the
rows of seal segments. Some light corrosion was observed on the ID side (fuel
side) occurring along tile edges from approximately Station 16 to 50. None of the
tiles were broken as a result of the test run.

Cophiiibhibild
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(u) The jeneral appearance of pyrolytic tiles as nbserved during disassembly
operations is shown in “igure 5-32.

{CRD) Grafoil Wrapper {U)

(CRu) The grafoil wrapper was removed a layer at a time, and was photographed to
show the corrosion patterns which were present. In general, the wrapper layers
contained corrosion vcids of varying size and rumber which occurred in greater
degree on the aft ernds cf the wrapper. Detailed examination showed that two main
patterns of &ial corresion were present. One pattern progressed from the outside
in (i.e.: the heaviest corrosion occurred on the outer layers of the wrapper at
locations corresponding tc the gaps between overlying insulating tiles), and the
second pattern progressed from the inside out (the heaviest corrgsion occurred on
inner wrapper layers at locations corresponding to gaps between underlyving filier
strips). In general, the corrosion patterns were less severe near the midd e
layers of wrapper than those on either inner or outer surface layers. When viewed
externally, wrapper indertations were observed from the outboard side of the foil
layers, beginning three or four inches from the forward edge of the wrapper and
continuing the length of the wrapper. These inderntations were due to pressure
deformation of the wrapper into corroded gaps between filler strips. When viewed
internally, it was observed that corrosion was moct extensive in areas adjacent to
thinner filler strips and to periphery elements that possessed notch-type bore
corrosion.

(CRC) A few locations were observed where corrosion paths existed through all
nine tayers of foil. Where this condition occurred, the iayers still retained
sufficient integrity to permit them to be removed individually. Even tnough all
nine layers had been penetrated locally by corrosion patterns, the wrapper was
sufficiently intact to retain its function of sealing against core radial inflow.
The appearance of a single thickness of grafoil is shown in Figure 5-33 after re-
moval from the core peripherv. Corrosion channels, depicting the filler strip
gaps over which they lie, are shown.

(V) The wrapper experiment on NRX-Ao was successful in spite of the severe test.
The wrapper gave a radial flow seal over most € the core for the entire test in
spite of corrosion from the wide filler strip gaps on the inside and the insulating
tile gaps on the outside. The good appearance of many of the peripheral fuel ele-
ments showed the benefit to be obtained from sealing the core from the cold lateral
support coolant flow.

(U) There was no evidernce of tearing of the wrapper due to the thormally im-
posed strain in this single cycle test.

(CRB)  Filler Strips {U)

(CRB) The filler strips in the NRX-A6 were of the hot buffer type. These types
of filler strips are placed immediately adjacent to the core, with the thermal
insulation outside the rfiiler strips. As a result of the hot buffer experiment
and post test analysis of NRX-A5, it was realized that hot buffer filler strips
were marginal. An attempt to improve the performance of the NRX-A6 hot buffer

O Ee
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Figure 5-32. (CRD) Appearance of Insulating Tiles, Underlying
of Foil Wrapper, and Displaced Seal Segments. (CRD)
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Figure 5-33. (CRD) _Appe&rance of a Grafoil Wrapper Layer, Showing
Corrcsion Patterns Corresponding te Filler Strip Gips. (CRD)
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Strips was made by the insertion of a pyrsfois slip plane between the Tiller sirips
and the core to reduce friction forces during the startup transient.

(L) This improvement was successtul in thet the filler strigs did not deqrade
the reactor perfcrmance. However, they were not sufficient to crevent filler strip
damage and lscal peripheral element darage under the actuzl run conditions.

) Some cracking of the srail filler strips probably occurred during the stare-
up transient to rated conditions. Full breaks formed in these and other strips
during shutdown under the comcined effects of corrosion, gradient stresses and
Tfiller strip bridging.

(CRD) During disasserbly, a tctal of 71 filler strips were chserved tG be broken,
with the treass occurring most fregquently in tnc region between Staticn 25 ané
Station 35. A summary of the filler strip breaks 1s shown below.

Summary of the “iller Strir Breals

Sector Number “urber of broken Fillers

12
11
10
12
17

9

Total 1

DN WM e

(CRC)  Typically, filler strins had the following general appearance:

Ad. 2ring grafeil friction foil on the tirst 3-8 inches of faces adjacent
to fuel elements.

(CRD)  Light te moderate sooting from Sta“ion 16 to 26 inches on faces adjacent
to fuel elements, with heavier corrosicn near the aft end.

Discoloration and/¢r blemishing of the coated surface from mid-band to
aft end.

Little or no corraosion of the coated aft ends of the filler strips.

(U} Although appraximately 45.5 percent of the filler strips sustained one or
more breaks, when examined post-operationally, only four small pieces of filler
strips became displaced from the core, and these did not becorme displaced untii
after termination of the test run. These pieces were the aft two inch sections

of fillers 3-11, 4-11, 4-13, and 3-13, which fell from the nozz'le during trunnion-
ing in the disassembly bay. Examination of tho fracture surfaces of the four

EONMDEN AL
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pieces indicated they were mechanical bre2ks rather than corrosicn separations. The
overail perfcrmance of the filler strips was not moticeatly affected by the breakage
sustainey.

() Filler Strip ¥eys

411 filler strip kevs were detached from tne fuel elements whern examined
curing disassemtly cperatiaons. Ixarinaticn of the keys indicated that they did not
break, neel, or shear off, as nc evidence ¢f mechanical damage to edges or surface
of the keys was noted. Scme infeormation is aveiiable which indicates the keys may
have become detached frow the elements curing the weost-test cocldown period. There
wes nG indication that loss cof tre \eys procucec 2ry 2adverse effect upor reactor
operation.

(g} Aati Friction Foil

(L) Tne anti-friction fcil was added to the core periphery region to permit
relative movement of peripheral elements anc €ilier strips during startup transients
with minimal friction force. The foil generally remained in place thrcughout the
test run, although some ccrrosion was .resent, particularly a2t the aft ends, the
general condition was excellent. Sigrificant corosion of the fecil was present at
the element corners wnere notch type cracking of the elements occurred. Generaliy,
the foii became bonGeEd Sur:ing the fesi vum to the coated lower ends of the fuel

elements; but remained attached to the foruard end of the filler strips. Thére
wac no indication cof circucferential displacezent.

(CRD} Lirer Tubes

(CRD})  All liner zubes examined appeared in gcod condition. Generally, the exterior
surface was clean except for ring deposits or discoloration which occurved at nearly
all insulating sleeve joints between Station 10 and 40. The forward portion of the
liner tube contaired more discolcration thar the aft end.

(CRD)} Pyro Insulating Sleeves

(CRD) The pyrofoil and pyrolytic graphite sleeves forward of Station 20 (approxi-
mately) were relatively uraffected by corrosiorn. Joint corrosion and streaking
occurred on sleeves beginning at about the midplane and continuing to the aft end,
with some ninholing and/or undercutting observed at the spigcted joints. The aft
end sleeve sustained corrosion on the QD approximately § mils deep on the last 1 1/2
inches. There was no indication of gross liner tube damage as a result of pyro-
graphite sleeve corrcsion, and the comporents successfully fulfilled their intended
objective cf protectirg the tie rods from cverneating.
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(.} Jet Jrifices

(<! All orifices were in place prior to removal of the cluster piates. However,
exanination of the forward end of the core showed that the orifice cement wes lcosen-
end and embritt’cd by exposure in the high radiation field during and fo®lowing the
test run. During the lengthy disassemtly sejquence, the orifice cement continued to
deteriorcte from subjection to the high gamma levels present, and as a result of the
pounding given to the core during attempts to unbond fuel elements. This resultea

in many orifices becoming detached from the fuel during subseguent handling.

(o Support Blocks

(<) The support blocks in NRX-A6 also functioned satisfactorily. The regular
blocks firished the test in near-new ccndition, the irregular peripheral blocks
suffered external surface cracking, protably during the faster than planned startup.
The 3700°R hold planned to limit the block stresses was not utilized and calculated
stresses for the actual! transient exceed the support block strength in the peri-
cheral blocks. The subsequent corrosion during the hour run did not destroy the
iead carrying capability of the blocks.

The sooting wnich has been encountered on tlocks from previous reactors was
not'ceably absent on NRX-A6. Instead thore were present bluish ceposxts, indica-
tive of foreign materiai ,‘JFCI'."JGU iy OXigss of mciybdenum. Some pc: ipheral blocks
showed sidewall cracking and subsequent ™inCr undermining corrosion where the cracks
occurred. Sorme also contained cracks on the forward faces, but iittle or nro corro-
sion was associated with the forward cracks. All regular support t:locks retained
excellent adhesion ¢ the NbC coating which was deposited at lower temperatures
tnan used previously.

(U) Composite Cups

(a5 The condition of composite protection cups was generally good. Typically,
the cups showed little or no coating loss; they possessed scme biuish or brownish
discoloration, and a few contained minor surface cracks orn the aft rim. A few cups
sustained more severe damage. These seven contained longitudinal sidesall cracks
and radial cracks on the f.anges. These cracks are apparently caused by the combin-
ation of the transient thermai stress during startup and the chilling effect of
leakage fiow which appeared at the cluster aft end hardware.

W) The axial crack in the peripheral composite cups resulted from the high non-
svimetric transverse temperature gradient across the diameter of these cups. The
post test analysis indicates that a gradient of twice the allowable existed in these
cups. These cracks did not degrade the reactor performance.

(u) Tungsten Cups

(W The condition of these cups was generally excelient. However, one cup
contained a small crack in the shortcup and seven other cups contained small side-
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wall blisters. Performance of both types cf tungsten cups did not appear impaired
by their post test condition.

(L) Insulating Cups, %yrofoil Washers
(v) Typical insulating cups contained intact inside diameter coating, missing

00 coating, light corrosion on the forw:~d face {associated with insulating sieeve
corrosion; and Tight corrasion on the Ou ¢f the cups.

(u) The pyrofoil washers were substantially corroded in most cases, a condition
which is believed to have contributed to the aft insulating sleeve corrosion men-
tioned previously.

(CRD) Central Unfueled El(ements

(CRD} The central unfueled elements were in excellent condition with little or
no surface corrosion and intact bore coating. This was the first reactor in which
all the central elements were copated.

(U) The faster than planned startup on the EP-IIIA test increased the stress
in the central element, but not to an unacceptable level.

(u) Tie Rods

(u) A1l tie rods appeared in excellent condition, with no observable damage
other than slight discoloration. Room temperature and elevated temperature tensile
tests of irradiated NRX-A6 tie rods are being performed.

(u) Locating Cone, Particle Catchers, Particle Catcher Screens

(u) These components were fournd to be in generally excellent condition. Wear
or deformation indicative of run damage wac not detected.

(U) Test Article Radiation

(u) Radiation readings taken one-quarter inch from the surface of the pressure
vessel mid-noint indicated a radiation of 330,000 R/hcur, acproximately 72 hours
after the final EP.

Radiation readings taken of the test car after removal of the PVARA/nozzle
assembly averaged 200 mk/hour, at twelve inches from the test car surface, although
one area of the car gave a reading of 2 R/hour. Considering the 1 hour duration of
full power testing, this value is extremely low, and attests to the effectiveness of
the external shield employed during the experimental test runs.
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{CR2)  FUEL ELEMENT PERFGRMANCE (U}

NRX-A6, the fifth NERVA reactor, was successfully tested for €5 minutes
urder single cvcle, full power conditions on 15 December 1967 at Test Ceil C. The
reactor was returned to R-MAD on 21 December for disassembly. Unstacking of the
core was completed in April 196E. A total of 1571 fuel elements were weighed,

1433 were photographed on 70 mm film and were examined visually by a film viewer.
Aoproximately 1300 elements were sectiored for incremental weight loss evaluation.

A discussion cf the results of the fuel element examinaticn is given in this cec-
tion. A more detailed discussion of the NRX-A6 fuel =2lement examnations is giver

in Reference 39. Some hot cell examinations of fuel elements, such as metallography,
are still in progress and will not be discussed in this report.

{CRD) General Observations (U}

(CRD) The performance of the NRX-A6 fuel elements typicaily was characterized by
inter-element bonding, mild surface corrosion, low pinnole densities, lower mid-
tand weight losses, and higher hot end weight losses relative to NRX-A5, and excel-
lent corrosion resistance and intagrity of the aft unfueled tip. Some variation in
corrosion performance was noted between the various matrix-coating batch types and
with respect o core radius. Thecc variations were not nearly as pronounced, how-
ever, as had been observed in previcus NRX reactor tests (see References a0, &i

and 42). Notch-type corrosion paiterns similar to those observed or peripheral
NRX-A5 element: (see Reference 4i) were agair observed on the peripheral faces of
some NRX-A6 peripheral elements, although the fraction of peripheral NRX-A6 elements
affected was lower. The weight iosses observed in the NbC matrix-additive and Nb
resinate impregnated experimental elements were somewhat higher than that of com-
parable standard core fuel elements. Flexure strenath cianges corresponded to the
axial variations in fuel element incremental weight loss.

(CRD) Overall Core Average Performance (U)

(CRD)  An overall core summary of gross weight loss, gross mid-band and hot end
weight losses and visual data results is presented in Tables 5-7 and 5-8. Where
possible, corresponding data obtained during the NRX-A5 post-mortem has been in-
cluded. The core average values. for gross weight loss and pinhole frequency (pin-
holes per element) in NRX-A6 elements were approximately SO percent lower than tne
corresponding NRX-AS5 values. Pinhcles in the MNRX-A6 fuel elements typically cccurred
in the 40 to 50 inch axial region while thaose in NRX-AS were in the 22 to 25 inch

and 38 to 41 inch axial regions.

(CRD) The gross incremental weight loss data in Tatle 5-7 is based on a prelim-
inary sampling of the NRX-A6 results. The mid-band weight losses of typical NRX-A6
fuel e'ements appears to he approximately cne-tenth that of the NRX-A5 fuel elements.
The hot end weight losses for both NRX-A6 and NRX-A5 fuel elements are of the same
order of magnitude. NRX-A6 demonstrated excellent corrosion rasistance and inte-
grity in the aft non-fuel tip region. Only 30 fuel elements exhibited corrosion in
the region of the tip joints.

SN FHDENLLL
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TABLE 5-8
(CRD) KEY TO TABLE 5-7 (U}

Gross weight loss core average is based on a totai of 1566 NRX-A6 fuel
elements (1549 NRX-AS fuel elements) weighed and includes data from 1350
intact and 216 broxen fuel elements. Gross values are not corrected for
mechanical effects of inter-element bonding or foil adherence (MESL).
surface corrosicn losses {VESL) or molybdenum overcoat reactor blowdown.
The gross incremental weight loss values are based on 156 NRX-AS fuel
elements (126 NRX-AS fuel 2lements) representing all non-experimental
manufacturing origins and a typical radial distribution. The 156 NRX-A6
elements were picked to correspond radially with the incremental data
from NRX-AS.

Net algebraic correction tc the core average gross weight 10ss per element
(MESL). Correction necessary due to the mechanical effect of inter-ele-
ment bonding pull-out (negative), inter-element bonding pull-in (positive)
and anti-friction foil adherence (pusitive). Net effect calculated from
visual estimates performeg on 1493 fuel eilements.

Visual estimate of surface corrosion 1oss (VESL), dased on the visual
examination of 1493 fuel elements.

Average based on 1493 fuel elements examined. There were 1138 NRX-A6 fuel
elements with pinholes. There were 1082 NRX-AS fuel elements with pisholes;
however, only 1372 fuel elements received visual examinaticn in this re-
actor.

Percent of bearing area remaining (BAR) on the exit face. Based on visual
examinations of the exit face on 1324 fuel elements.

Percent of back or 0D coating area remaining (CAR) based ¢1 visual examin-
ation of 1493 fuel elemenis.

Core average 10ss per element of molybdenum overccat from the bores due
to reactor test blowdown. The pre-reactor test average molybdenum weights
per element were:

Mo Coating Origin Avg. Mo
WNCO 3.6
Y-12 3.1
Overall Core 3.4

Nolyt_»denu:p analyses were performed post-operaticnally on 20 fuel ele-ents
at six axial locations per element. The comparison of these results with
pre-reactor distritution indicates that the amount of molybdenum remain-
INc in the coolant channels of the NRX-A6 elements was 50 + 10 percent
of .1e gre-reactor level. -
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(CRD) A core average bore weight loss per element, (AHB), can be calculated using
the following expression:

|
|
t
|

&
1]
+
be 4
'
]
|

LHG = Core Average Gross Weight Loss

M = Average Algebraic MESL (Mechanical Estimate of Surface
Loss) Correction

Vv = Average Surface Corrosion Loss

X = Average Mclybdenum Loss Due tc Reactor Blowdown
(CRD) Using this expression and the data in Table 5-7, an estimate of the ovgrall
average bore weight loss of a typica®? NRX-A6 fuel element is approximately 10.5
grams.

(CRD) Matrix-Coating Batch Type Performance (U)

(CRD) Table 5-9 is a summary of average gross weight loss, pirholes (PH), visual
estimate of surface loss (VESL) and channel exposure (CEX) for the various matrix-
NbC bore coat - Mo overcoat types present in NRX-A6. The YWW elements had both
the lowest average gross weight loss and the lowest pinhole frequercy data of all
matrix-coat combinations in the core. Excluding experimental elements, the worst
performing matrix-coating batch type in the NRX-A6 core, based on average Gross
weight loss, was the WYN combination, 4.1 grams higher than the YWW average. The
Y-12 NbC bore coated elements had pinhole frequencies approximately four times as
great as the WNCO bore coated elements.

The average gross weight loss for the various matrix-coating types by
2cm radial increments is presented in Figure 5-34. There is essentially no change
in the order of weight loss performance in this data compared to that in Table 5-9.

(CRD) Radial Variations (U)

(CRD) A radial distribution of gross weight loss averages is presented in Fig-
ure 5-35 for NRX-26 and NRX-A5 fuel elements. Radial variations in PH densities

of NRX-A6 and NRX-A5 fuel elements are presented in Figure 5-36. Both plots i1lus-
trate the higher corrcsion rate at or near the center of the core in both reactc~s,
dut clearly indicate the superior performance of NRX-A6.

Figures 5-37 and 5-38 illustrate the radial variations in the 0 to 30 and
the 30 to 52 inch ircremental weight losses, respectively, for representative
samplings of NRX-A6 and NRX-AS fuel elements. The NRX-A6 averages do not include
experimental element data. The superior mid-band performance of the NRX-A6 fuel
elements is immediately evident, averaging 23.5 grams below the NRX-A5 value. The
NRX-A6 and NRX-A5 hot end average incremental weight losses compare remarkably
well despite the fact that the NRX-A6 core operated at full power conditions twice

as long as the NRX-A5 core. ,
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(CR0) Peripheral Element Performance (U)

(CRD)  Notch-type corrosion patterns similar to thos2 observed on NRX-A5 fuel
elements (see Reference 41) were again observed on some NRX-A6 peripherai e'ements
(see Figure 5-39' The number of NRX-A6 peripheral elements having notch corro-
sion, iisted in 7. . 5-10, was much Tower than observed in tne NRX-A5 experience.
The data in this tabie represents the typical axial range for this phencmenon as
lying between 25 inches and the nor-fuel tip (51 inches). The individual notches
arpeared approximately ) to 1-1/2 inches apart in this range. By combining the
data in Table 5-10 with a summary >f NRX-A6 peripheral fuel element per-formance
(Table 5-'1), it can be demonstrated that higher weight losses and severe notch
corrosion or stress (mechanicai and/or thermal) were produced in perinheral loca-
tions aciacent to thin filier strips. This post-test analysis on the peripheral
fuel e: nts showed that this notching was due to thermal stress at the peripheral
corner. ° the fuel elements. This high thermal stress occu-red during startup
and was due to the combined effects of the heat flow from the core to the hot
bufier filler strips; and partiai unfueled elements, and the cooling effect of a
high lcakage flow between the filler strips at locations where shifting of the
element filler strips creates large flow gaps.

{CRD) Deposition and Bonding Effects (U)

(CRD) Surface corrosion effects were mild compared to those in NRX-A4 and NRX-AS.
This has been zttributed tc a more tight, uniform element bundiing, improved radial
power flattenina and superior bore corrosion performance. Inter-element bonding
on non-00-coated fuel elements was associated with the soot and pyrocarbon depo-
sitions ir the 21 to 27 inch axial region. The difficulties associated with the
remcval of bonced eiements from the <cre resulted in mechanically-induced break-
age of approximately 200 fuel elements. A radial distribution of NrX-A6 fuel
element pull-out (Figure 5-40) indicates a greater frequency of occurrence and
more severe pullout for this phenomeron in the F and G cluster rows.

(CRR)  Experimental Element Perfcrmance (U)

(CRD) A matrix-coating performarce summary of the experimentai elements is pre-
serted in Table 5-9. Preliminary comparisons between matrix-additives (25 v/o NbC,
5.0 v/o and Nb Resinate) and bore-coating experiments (S - Standard, L- Low Tem-
perature, and T - Tinick Hot End Coatings) can be made. There wer: 30 NbC matrix-
additive ard 17 NbC matrix impregrated experimental fuel elements ... NRX-A6. HWith
respect to pirholing, surface corrosion and aft-end integrity, the performance of
these elements was similar to that of other NRX-A6 elements.

(CRC)  In order to eliminate the radial and surface effects on element weight
10ss, an attempt has been made to estimate a weight .0ss performance index (fw)

COMNERIIIE
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Figure 5-33. (CRD} NRX-A6 Fue! Element "Notch® Corrosion {U)
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for the experimental elements.* The f for each experimental element was estimated
bty dividing its bore weight loss by th core average bore weight loss at that
radius. A radial distribution of the NRX-A6 average bore weight loss estimate
{gross weight loss minus VESL and MESL estimates) is presented in Figure 5-41.

The MESL corrected average weight losses for the matrix-additive elements are in-
cluded for comparison.

{CRD) Figure 5-42 and Table 5-12 summarize the f_ cstimate matrix additive ele-
ments. The weight loss data indicate that the explrimental element performance
was somewhat poorer than that of their radial neighbors or of elements with simi-
lar coating histories.

tCRD)  Flexure Strength (U)

(CRD) The axial variation in post-reactor flexure strength, averaged for the 79
elements tested, is plotted in Figure 5-43. Tne average and range of flexure
strength for Quality Control testing of NRX-A6 production elements, representing
all fuel loadings and various manuracturing histories, has been superimposed on
this figure. Also included in Figure 5-43 are the core average, axial variations
in flexure strength obtained from the post-operational testing of 56 fuel elements
from NRX-AS5.**

(CRD)  Flexure strength changes from the QC average in NRX-A6 were characterized
by an increase in the cold end region, practically no change in the mid-band region
and a decrease in the hot end region. With the exception of the cold end increase,
these flexure strengths correspond to the axial variations in fuel element incre-
mental weight loss. There is a dramatic difference beween the NRX-A6 and NRX-AS
flexure data in the 20 to 25 inch axial region where the higher corrosion damage
and correspondingly greater weakening of the NRX-A5 elements occurred.

(CRD)  Conc tsions on Performance

(CRD) with the e <eption of some periphera] positions, the time rate of corro-
sion as secn in T:~le 5-13 for the !RX-A6 elements was approximately 75 to 80 per-
cent lower than that observed for the elements in the NRX-A4 and MRX-AS5 reactors.

*

Normally, this is done after core average bore weight loss curves are calculated
on a computer by a least-squares method.

b The Quality Control average flexure strengths for NRX-A5 production elements was
nominally about 13 percent lower than that of NRX-A6 elements; 280 psi for NRX-A6
production elements and 244 psi for NRx-A5 production elements.
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TABLE 5-12

(CRD) OVERALL BORE WElGHT LOSS PERFORMANCE OF NRX-A6 EXPERIMENTAL
ELEMENTS BASED ON PRELIMINARY ESTIMATES OF PERFORMANCE INDEX (U)

% Above Core

Type fw Estimate fw Range Average Performance
Core 1.000 - -
2.5 v/o NbC 1.256 0.919-1.569 25.6
£.0 v/o NbC 1.328 0.756-2.134 32.8
Nb Resinate 1.219 0.844-1.865 21.9
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Figure 5-43. (CRD} Ccre Average Axial Variation in Flexure Strength for
79 N2X-A6 and 63 NRX-A5 Fuel Eiements (U)
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TABLE 5-13
{CRD) NRX/EST, NRX-AS and NRX-A6 REACTOR COMPARISONS (U)

NRX/EST NKX-A5

Time at Full Power, minutes 30.3 30.01
Chamber Temperature (TC)22500°R, minutes 51.9 32.0
5. Cycles, TC32500°R 6 2
Average :W, grams 32.4 27.6
Avg. No. Pinholes/Pinholed Element 30.7 12.7
Percent Elements with Charnel Exposure 36.5 56.3
Time Rate of Corrosion (full power), 1.07 0.90
grams/minute

NRX-Ab
60.4

64.0
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(CRD) COMPARISON OF NRX~A5 and NRX-A6 ELEMENTS BY -ANUFACTURER (Y}

Condition

Cne Break
More than One Break

Combined

Condition
Intact
One Break
More than One Break

Combined

NRX-A5
WAFF
W
(gm} No.
21.0 253
40.1 408
4.2 150
36.6 3812
NRX~A5
¥-12
R
(gm) No.
4.4 673
29.3 56
37.8 8
15.8 737

5-97

NRX-£5
Wik
W
(gr., No.
13.0 241
14.9 27
15.4 6
13.2 274
NRX-AE
Yyy
W
(gm) No.
13.1 258
13.5 43
15.2 7
13.2 418
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{CRC} Pinhcle and coolant channel e posure occurrences in NkX-AE eiemerts we'e
rcticeably less frequent than had been observed in NRX-A4 and NRX-AS, as demoni-
strated ir Table 5-13.

{CRD}  In general, the corrosion performance and integriiy of the aft coated

ends of NRX-A6 fuel elements was excellent. The Bearing Area Remaining (BAR) and
Coated Area Remaining {(CAR) in the 50-52 inch region averaged approximately 95
percent. Corrosion lscal to the unfueied tip joint region was observed on approxi-
mately 30 elements. Preliminary examinations have not yet established whether

this corrosion can be atteibuted tn a jcint leakage problem or to externa! sur-
face corrosion effects on these elemernts.

(CRD} Initial comparisons of the weight losses of experimental elements {NbC
additives and impregnated) with radial neighbors showed higher gross weight losses
for the experimentals. Studies in progress are expected to st.aw 1f this difference
can be attrituted to overall poorer performance or are due to thermal, orificing,
or coating batch effects.

{CRG) The higher weight losses observed for certain peripheral positicns has
been attributed to local thermal and/or mechanical stress problems.

(CR0)  CHEMICAL AND RADIOCHEMICAL MEASUREMENT RESULLTS (U]

(¥) As part of the post-operative evaluaiinan o7 the NRX-AS reactor, chemical
and radiochemical meas -ements were performed to determine the following:

{d) 1) Determination of corrosion and migration losses of fission products
and fuel or coating materials as measured by “Elephant Gun™ samples, fall-out
particulate sampies, and “FROG" samples.

(v) 2) Deterrirat*on of radial and axial fission distributions; total number
of fissions generated by gress ienization readings, jamma spectrum measuremernts,
and radiochemical fissinn product analyses performed on a number of fuei elements.

(©) 3} (dentification by gross radiation measurements and two-puint gamma
reasurements on individual fuel elements of any regions of asymmetry or of anomalous
behavicr in the reactor core {e.g., conditions 3¢ unusual temperature, incorrect
uranium loading, or loss of fuel by hvdrogen corrasion).

{C3D} 4) Determination of molybdenum, niobium, and uranium concentration as a
function of axial position in an element.

(V) 5} Comparison of two-puint Zax~  nd axial garma scan data for detecting
high migration losses (overheated ele.. .:3,.
(L} A summary of the results of these measiurements are given below; a more de-

tailed discussion is provided in Reference 4:.
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ZR0)  Corrosion and Migration Losses (U)

(V) The NRX-AS reactor test series included tn: initial testing of two new
devices in an attempt to cetermine the type ard extent of core materials releasec
during the test run ard upon cocldown. Tae first device, which is called the
“Elephant Gun™, collected gas and plateout samples during the run, and indicatec
that there was very little ccrrosion during the first 20 minutes of operation,

and the release of migrating fission products to the gas phase =as normal and pre-
dictable. Samnles were not ootained over the complete run pericd due 1o 2 mal-

LR E-2,

function cf the samgling apperatus.

(CeD) The second device, which was ca’led “FROG™, was a bank of filters tc
filter reactor outlet gas. These filters were olaced over the reactor nozzle dur-
ing cooldown operations to reduce contamination and subsecuently cleanup of the
test cell pad. 7Tne maximum activity observed on ary of these filters was § R/hour,
with nominal filters meacurirg lecs tnan 2 R:hour. The particles traoped by the
filters varied between 1 and 300 microns in size, with the majority of particles
in the range of 15 to 100 microns. & chemical analysis indicated the mazerial

was oredominantly Nb (58 percent), the remainder being grachite, uraenium (3 per-
cent; and mo vbdenum (.Z percent). Use of the FROG far cooi.own was extrermely
beneficial in reducing contaminatior tc the test cell area, and permitting clean-
up operaiicns ic begin almost immediately after withdramal of the test articie.

(CRC; Radial and Axial Fission Distribution [Comparison cf Two-Point Gamma and
Axiai Gamma Scan (U]

{CRD) Fcllowing the NRX-A6 power test, radial fission distributions wera measured
by the gross ionization technicue, used in al) orevious reactor tests, and by a
two-point gamma system emloyed for the first time for the NRX-AG6. Results of the
lwo-poini 7amma system were in excellent agreement with those from the gross icni-
zation tecnnicue, from the core center to about 41 o= houevgr, the last few centi-
meters of the core indicated higher (by about 5 percent) Zrd> values for the twe-
pont gama: system thas observed by the gross ionizaticrn technigue. & corperison
of gross gamma and two-point gamma radial distribution is shown in Figurs 5-44 for
a normal sector of the core.

{CRC} A maximum fission density occurred in the region fram 18-26 incres from
the gas inlet end of the fuel elements. The enhancement in the fission density at
the inlet end for centrally locatec elements relative to pericheral elements was
as expected. Gross scalar data and 3a/Ru ratios showed hot end fission product
migratior: trends on olements which the two-point gamma measurements had indicated
were overheated.

{CRC)  Radial fission distributions measured by the aross ionizaticr technicue
were in Jood agreement witn those ottained by a two-point gamma method. Hot end
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(Station 44) two-point data indicated the presence of a few overneated elements in
the core. On several the Be losses were sufficient to cause variation in gross
ton readings. None of the overheated eiements were located in any one definite
Core r°gion but were scattered throughout the core with the majority located in
the A, B, and C cluster areas. Discounting such anomaious elements, the dev i-
ticns for equi.ilent core locations were as experienced on NRX/EST and NRX-AS,
i.e., + 1-2 percent from C-38 on with a maximum of : 3 percent at the core edge.

(CRD) Axiai Distribution of yraniur, Niobiur, and Molvbdenum (CRD)

(CRC) Uranium and niobium determinaticns, performecd on 48 one-inch pieces cut
from eight elements, indicated nc preferential losses of either. MNo mid-band cor-
rosicn areas were found.

(CRC) Molybdenum determinations, on 210 one-inch pieces cut from 35 elements,
indiceted that the molybdenur remaining on the elements was dependent upon the

manufacturing history. Batcnh variations were somewhat complex and are veported
in Reference 39.

(CRD) Energy Generated (U)

{CRD) Gamma spectra were measured along the length of several NRX-A6 elements.
Pieces of the eilements were then sectioned and analyzed for Mo, Rb and U. Fission
product analyses were performec from an additional group of elements to calibrate
gross ionization and axial gamma data in terms of absolute fissions. The total
fissions generated were then determined.

(CRD)  Based upon radi~chemical analysis, a total of 1.5/ - C.07 x 102“ fissions
were produced during all runs of the NRX-A€ reactor. In terms of energy release,
using the conversion factor, 3.24 x 1010 fissions per s -~nd equals 1 Watt; this
gave a power integral of 4.85 x 1012 aatt-seconds, whic'  ~pared to & corrected
linear power integral of 4.49 x 1012 Yatt-seconds (see :. & %-3).

(CRD)  ENVIRONMENTAL RADIATION {(U)

(CRD)  During the testing of the NRX-A6 reactor, a dosimetry program was carried
out which re-ulted in tne measurement of gamma ray dose rates, fast neutron fluxes
(E ~ 2.9 MeV), and thermal neutron fluxes (E < 0.4 eV) at 146 locations external
to the reactor. Since the NRX-A6 was the first of the NRX reactors to be tested
at Test Cell C, the philosophy of the dosimetry program was to obtain an extensive
experimental mapping of the racdiation ernvironment of this “new" configuration
which includes the 360 degree fzcility snield external! to the reactor.

(CRD)  Analytical pregictions of the garma ray dose rate bzsed on the point kernel
method and fast neutron flux (E - 2.9 MeV) based on the FASTER Monte Carlc method
at most dosimeter locations are compared with .he experimental test data. At most
dosimeter locations, predictions and measurements agree to within the uncertainty
factors quoted for the predicted data.

~ CONHOENAT
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(CRD) The pass ve dosimetry program consisted of the following:

1) Nickel foils and sylfur gsi}ets besgast neutron flux data (E > 2.9 MeV),
and fission foils including Pu=>7, K and U foils for neutron energies greater
than 10 keV, 0.6 MeV, and 1.5 MeV, respectively.

2) S8are and cadaium covered gold, copper and cobalt foils for therma!
neutron flux data (E < G.4 eV).

3) Thermcluminescent dosimeters (TLD's) and cobalt glass plates for gamma
ray data.

(CRC) In addition to the passive dosimetrv, the NRX-A6 dosimetry program included
important calorimetric measurements of heating rates at several locations external
to the reactor. A direct readout gamma ray ion chamber located on the test car
privy roof surface provided excellent correlation of gamma ray dose rate with hy-
drogen flow in the reactor, and also a correlation of gamma radiation levels ob-
tained during low power and high power tests at this location. This information

ts shown in Figure 5-45 where the gamma dose rate from the direct readout ion
charber 1s plotted as a function of Hydrogen Coolant Flow. A significant differ-
ence, a factor of approximately 2, in the gamma dose rate is shown between the

cold flow test data and the full flow test for this localion.

(CRD) A more detailed discussion of environmental radiation may be found in Ref-
erences 12 and 22.

(u) PNEUMATIC ACTUATOR SIDE-BY-SIDE EXPERIMENT

(U} The side-by-side actuator test was performed to obtain data on the effects
of a radiation environment on the components and on the operation of a pneumatic
contrel drum actuator similar in design to actuators to be used in the NERVA
engine.

(u) One objective of the test was to determine component, subassembly and/or
assembly degradation due to the integrated neutron flux and gamma radiation. A

second objective was to determine the effectiveness of the coolant gas flow and

its ability to remove radiation induced heating.

() Description of Test Setup

(U) A block diagram of the test setup is shown in Figure 5-46. The drive

supply gas was regulated to a constant pressure of 215 psia and maintained at this
constant pressure throughout the test. Coolant was supplied to the actuator through
a regulati-  valve that was controllable from the control room. Both the helium
drive and c.olant gas passed through an LN, heat exchanger. The temperature at

the exit of this heat exchanger was on the“order of 140°R. The coolant gas pres-
sure and the electrical input and output signals to the actuator originated in the

P -
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control room and were varied during the test by the side-by-side Test Operator.
The actuator experiment was mounted cn the test car inside the 360 degree shield
next to the reactor at the ~ = 180 degree position. The position ¢f the pneumatic
actuator side-by-side experiment with respe.t to the NRX-A6 reactor is shown in
Figure 5-47. Figure 5-48 is a drawing of the actuator, pedestal and a simulated
drum lcad enclosed in its heusing.

(u) This drawing shows external details of the actuator, pedestal and simujated
drum load as well as showing instrumentation impulse iines, instruments and thermo-
couples. A photograph of the instrumented actuator system is shown in Figure 5-49
prior to the installation of the enclosure. In this photograph, the actuator,
padestal, electrical control wires and many of the irstrumentation cables and im-
pulse lines are visible. The Marman clamp, one (1) pressure transducer and several
accelerometers are aisg visible. This photograph is oriented approximately the
same as the drawina of Figure 5-48 and can be used for comparative purposes. The
completely assembled pneumatic actuatcr side-by-side test fixture is shown in Tig-
vre 5-50. The clamp that mounts the side-by-side experiment to the test ca:- acapter
<an be seen in this photograph. Also, the electrical leads, thermocouplzs and
pumbing lines are shown. In Figure 5-51 the test fixture is shown msunted on the
test car. The dosimeter packets SSA-3 and SSA-5 can bz seen in thc photograph
while dosimeter packets SSA-2 and SSA-4 are hidden since they a:.e mounted diametri-
cally opposite to SSA-3 and SSA-5. SSA-1 cannot be seen in “he photograph because
it was located on the top of the test experiment near the lifting handle.

(u) The actuator used for this test was an AG-20 type actuator. This actuator
was upgraded with XE-1 parts that were considered to be of a sensitive nature and
to make the actuator as nearly like an XE-1 as possible without actually testing
an XE-1. The XE-1 parts installed were:

1) Servo Valve

2) Potentiometer

3) Piston Rings

4) Solenoid Shutaff Valve

(U) The Shutoff Valve was of the new design that was retrofitted into ali of
tihe XE-1 actuators. The actuator was also lubricated using molybdenum diseleride
as is used in the XE-1 units. C(ne of the major difficulties experienced with the
preparation of this test was in adeguately instrumenting the actuator s~ that

the test would provide us2ful information. Installing thermocounies fo. this pur-
pose proved to be a difficult tasxk. Pressure transducers and impulse lines were
installed to measure and provide cignals for recording the following pressures:

Coclant Pressure

Drive Prassure

Cylinder No. 1 Pressure
Cylinder No. 2 Pressure
txhaust Pressure

O 2 o M) —
e Nt S # N ot
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Figure 5-49. (U) NRX-A6 Side-by-Side Actuator Test Assembly
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Figure 5-50. [U} Completely Assembled NRX-A6 Side-by-Side Actuator Test Assembly
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Figure 5-51. (U} NRX-A6 Side-by-Side Actuator lest
Assembly Mounted on Test Car
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Thermocouples were iastalled to give temperaturss of criticai components as well
as give temperature discrioution information across the actuator. Thermocuuples
were installed to measure the following temperatures:

1) Coolant Temperature
<} Drive Temperature
3) Potentiometer Temperature
4) Exhaust Temperature
€) Torquemotor Temperature
6) Cylinder No. 1 and No. 2 Temperature
7) Leck Housing Temperature
8) Marman Clenp Temperature
W) In z0me cases, more than one thermocouple was installed to measudre tem-

peratures at different points cn a compone.t. For example, four (4) thermocouples
were installed at different theta locations to measure the Marman clemp tempe “ature.
Also, temperavdre at varicus locations withii the load were recorded to ascure safe
operation. In addition to pressure and temperature measurements, three (3) accel-
erometers were used to record lev:=1s or shock and vibration during testing. Dosi-
meter packets vere mounted on the tinal assembly. These dosimeters, SSA-1 to SS5A-5,
were used to measure:

1) Slow neutron integrated flux (E < 0.4 eV)
2) Fast neutron integrated flux (E > 2.9 MeV)
3) Gamma dose

In addition to pressure, temperature, acceleration and -adiation, the actuator
performance parameters thei were measured and recorded weve:

1) Position command signal
2) Actuator pesition signal
3) Torquemotor current

(v Description of the Test
(U} Prior to operation of the reactc:. a closed loop freguency resfonse me3sure-
ment was performed. A 4 degree peax-to-peck input command was given to the a - or

at various frequencies and the fecdback posi*ion was comgz.ced to this input.
frequency response was repeated while the reactor was at full power and again o .er
the reactor was shutdown. In addition to the irequancy response, the following test
sequence was initiated approximately 15 minutes prior to reactor startup:

3.5 min. Sinusoidal input of 4 degrees p-p at 3 Hz while actuzvur was positioned
at 90 degrees

0.5 min. Scram, lock and reset
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3.0 min. Sinusaidal input of 40 degrees c-p at (.5 Hz while actuator was
positioned at 3C aegrees

C.5 min Scram, Yock and roset
3.0 min. Ramr “nput at 3 dearees/sec; 20 dzgrees to 160 degrees
0.5 min. Scras:, lock and reset
2.3 a@in. Step between 8! degre2s and £¢ gecrees at 0.) Hz
£.5 min. Scram, lock and reset
.0 min. Dweil at statir position of 30 degreas
.5 mia. scram, lock set
(u) Th:s test sequence we, cortinued and repeated durirg reactor testing until
approximately 15 mirnutcs after reactor ~hutdown.
fu) Test Resulis

(u) The plot in Figure 5-52 shows the three (3]} closed loop frequency respor<es

taken before, during and after the test. Very l'ittle change in performance o¢ ed
betweer the nre-run test and the full power test. Tne test perfurmed after the
raactor run exhibited an increased bandw: "zn which is 1ndicative of a reducticn in
friction of the pistca rings.

9] Although the data was adequate to provide 2ccuiate attenuation information,
a mal-irctioning speed control on the Sanborn recorders made it impossible to sep-
arate tf > adjacert cycles sufficiently tc obt2in phase siaift informatier. Evalua-
tion of the performance data shows that the actuater can be safely used % drive
the ~ontrol druas on the XE reactor. ard that the radiatior levels experienced
were at abgut the levels predicteu for the k ard E d~velopment reactors.

(U; A surmmary rlaot of actuator temperatures and coclant pressure during the
raactor full power rin are shawn in Figure S-53, In general, the coolant pressure
was reduced i: contioiled increments during reactor full pGeer operation to obtain
internal temperature distribution as a function cr the cooling pressure. One
significart difference petween this test and XE and R type tests (where the act-
uators wi.l be mounted on the pressure vessel or external shield} is the Zoolart
temparaturs as it enters “Se actuators. Coolant temperatures on XE and P test.
are expectad to be very rear dome temperature or about 212°R at full power. The
actuator side-by-sidc -~3%ant temperature was un the order of 4G0 to 450°R. This
warmup of coclant in i... 3i1de-by-side test is due tc the relatively loag run be-
tween the LN2 heat axchanger and tne inlet to the actuator. The cleoselv coupled
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Xt and R tests will eliminate thic warm-up. Etven with the relatively warm coolant
gas temperatur> (450°R) and the experimentally low coolant pressures (550 psi)
none of the component temperatures exceeded allowable limits. This gives strong
evidence of thz adequacy of the actuator coctant flow.

(Y) A plot of the gamma dose received by the side-by-side experiment is shown
in Figure 5-54. These curves were plotted using data obtainec from ithe dosimeter
packets mounted directly on the experiment container. Frcm the figure, it can be
seen that the actuator experienced a heating rate on the order of 93 to 116 xatts
1b. This exceeds the expected XE gamma dose by a factcr of about 250 and 1s approx-
imately equal to tne gamma dose predicted for tne R and E reactors. A plot of

the fact neutron flux obtzined by using dosimeter data is shown in Figure 5-35.
The flux fielg in the vicinity of tne actuator was between G.1 and C.2 x 1cle
n/cn which is about 100 greater than gredicted field for the XE actustors locatec
atove the shield. A similar plot showing slow neutron flux is presertec in fig-
ure 5-56. The slow neutron flux levels were between 3 and 5 x 1C1€ n/ome at the
actuator.

(v) Foilowing tne test. the side-by-side preuratic actuator was completeiy
disassembled and photographed in search of any radiztion caised damage. No mal-
functions were cbserved during perfcrmance anc ng unusual wear or damage tc intermal
components was detected upri disassembly. Although many shotograons were taken,
only 3 few are presented here. The views selected are of thcse cumponets felt to
be of the mast critical nature. Figure 5-57 shows the torcuemotar, solder points,
iead wire and miscellaneous servc vaive comporents. The photograph in Figure 5-5§
shows the Yock indication switches, solder connections, wires and the lock and lock
shut-off valve in the background. A view of the tnree deck rotentiometer again
showing the solder points, wire and insulating sie2ves ‘s s .own in Figure 5-59.
The last phcto presented, Figure 5-6C, shows the P, piston and rack assembiy, the
PZ pisten and ail the piston vings.

W) Conclusions
(Y The pneumatic contrci drum actuatcr will perform as designed while under

the influence of a radiation field {and after being subjected to an integrated
radiatior field) well in excess of the XE predicted field and approxinately eui-
vaient to that eupected on the K roactor and £ engine tests. The coolant flow

te t-e actuator which was designed with the NR heating rates of 35C watts/1b as a
parameter are higher than are required for heating rates expected on the XE, R
and £ programs which are predicted to be orn the order of 125 watts/1b maximum.
Coolant flow could probably be reduced and as more experience is obtained this
modification will be considered.
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Figure 5-57. (U] NRX-A6 Side-By-Side Actuator Pest Test Condition
{Torque Motor, Solder Joints, Lead Wires, and Miscellaneous
Servo Valve Components).
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Figure 5-58. () NRX-AG Side-By-Side Actuator Post Test Conditions
Jlocks Indication Switches, Solder Connections, Wires,
Lock, and Lock Shut-0ff Valve),
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Figure 5-59.

{U} NRX-AB Side-By-Side hctuctor Post Test Condition
Three Decs Pct ntiometer, Solder Joints, Wire, and
insuiating Sleeves).
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Figure 5-60. (U) HRX-A6 Side-By-Side Actuator Post Test Condiiion
{?’J Piston and Reck Assembliy, Pg Piston and All Pist
Rirgs).
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